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Preface 
The work described in this report was performed by the Guidance and Control 
Division of the Jet Propulsion Laboratory. 
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The work presented in this report is limited to steady-state thrust and flow-rate 
determinations versus varying design parameters for the &furher N type ball 
valve-nozzle configurations, where a subsonic o d c e  is in series with a sonic nozzle 
throat separated by a chamber volume of approximately 0.2 cc. Design variables 
investigated included inlet pressure of 10 to 35 psi, ambient pressure of 1 X 
torr, inlet temperature of -100 to +15OoC, valve orifice area of 5 X 10' to 
40 X 1P in.?, nozzle throat diameter of 5 X in., nozzle geometric 
area ratio of 25 to 275, and nozzle cone hzlf-angle oE 15 to 40 deg. 
t:> 50 X 
Thrust levels considered are in the millipound range using cold nitrogen gas 
as the propellant. The equations used to determine nozzle losses are based on 
flat-plate analogies. The mathematical formulation and IBM 1620 computer 
program used in this analysis are also described. 
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A Method for Calculating Steady-State Thrust and 
Flow-Rate Levels for Mariner IV Type Attitude 
Control Nitrogen Gas Jets 
1. Introduction 
JPL's Ranger and Mariner spacecraft represent 
major successes in unmanned lunar and planetary explo- 
ration of space. For attitude control of these spacecraft, 
redundant cold nitrogen gas systems were used. Based on 
previous successes, it is anticipated that similar nitrogen 
gas systems will be employed on planetary spacecraft 
missions in the late 1960s and early 1970s. As mission 
durations and trajectory restrictions increase and as 
spacecraft inertias and angular rhte requirements vary, 
a more accurate method of determining thrust, impulse, 
and flow-rate levels delivered by attitude control gas jets 
prior to launch becomes very desirable. It is also very 
useful in design and development of attitude control gas 
systems to understand thoroughly how these levels are 
affected by various design parameters. 
This report represents an initial investigation into this 
area, The basic objective is to establish a - -t of paramet- 
ric curves that can be used to obtain first approximation, 
or better, design data necessary to fabricate attitude 
control gas jets to meet specific mission requirements. 
The restraints on this initial investigation include the 
following: 
Space vacuuni conditions apply. 
Steady-state case only will be attempted. 
Estimates will be made of losses associated with 
nozzle flow. 
Design parameters in ranges centered about the 
Mariner IV gas system will be investigated. 
Only nitrogen will be considered as the working 
gas. 
Although not discussed herein, test apparatus and var- 
ious valve-nozzle configurations will be fabricated and 
tests will be run to verify the results of this analysis. The 
testing effort is running concurrently with the analysis, 
An IBM 1620 computer was utilized in this analysis 
because of its availability at the time this effort was being 
initiated. 
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Fig. 4. Section view of Mariner IV valve 
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The flow through the valve-nozzle combination is 
treated as one-dimensional, isentropic, and compressible. 
Cold nitroga gas, the propellant used in the analysis, is 
considered ideal. It is assumed that no thrust loss is 
caused by vapor condensation in the nozzle, a condition 
which may exist with other propellants. The gas is 
assumed to be at stagnation conditions upstream of the 
valve seat. The majority of the pressure drap between 
the valve manifold and chamber (volume between valve 
seat and nozzle) is assumed to occur at the *.ralve seat. 
For the Mariner ZV with a ball valve, the flow path across 
the valve is an annular orifice. The relatioilship between 
the annular orifice area and the ball travel is derived 
in Appendix A. 
Equation (4) then becomes for Vo = 0 (stagnation) 
(*)(+)($)? + = (ST)(:) 
(6) 
The flow rate through the valve is given by 
WY = pcauAov (7) 
where 
A, = erfective valve area 
The assumptions for the Simplified treatment of the 
nozzle boundary layer, based on flat plate theory and 
its effect on thrust loss, is outlined in previous work1. 
When 
(7) 
(6) is solved for v and is substituted 
Variation in thrust level caused by thermal expansion of OY = cdAopO 
the nozzle throat is considered negligible. 
Euler's equation, applied to the valve orifice, is 
-+-=o dP vav (1) From the equation of state 
P €5 
For an isentropic process 
P o  Po = - RTr 
-- -- Constant = c 
PY 
(2) Therefore, the flow rate, mu, is 
Ik 
Substituting Eq. (2) into Eq. (l), and integrating, gives: wu = ca&po (gr \(&)($-j-)p -(?)?]I 
or The specific impulse, Is*, is defined as 
(11) 
F orot = - F 
W t  Z8, 
I,, = - 
F = maximum theoretical nozzle thrust, lb (4) 
at = nozzle flow rate, lb/s 
From Eq. (2) 
Since the nozzle is exhausting into vacuum, the Max- PI/Y P Y Y  
0- == CI/Y = _L (5) 
Po PC 
'Dayman, B., Jr., "Simplified Theoretical Estimates of Thrust Losses 
h u m  theoretical thrust is given by 
[ 2yz ( 2 )"'I (12) F = P , A t  -
(Y - 1) (Y 4- 1) in Miniature Nozzles," Internal Memorandum, Jet Propdsion Lab- oratory, Pasadena, Calif. 
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and the maximum theoretical specific impulse (Ref. 1) is 
given by 
The derivative of f(P,)  is 
2yRT, 
Iep = (go(., *- 1)) 
Substituting Eqs. (12) and (13) into Eq. (11) and re- 
arrmi ping 
(20) 
w t  = PCA, [($) ( -- ) "3" (14) With the determination of P,, the maximum theoretical 
thrust from the system can now be calculated from 
Eq. (12), given the dirnensions of the valve and ilozzle, 
ambient pressure. From this maximum thrust, valve losses 
in the nozzle are substracted for: (1) boundary layer 
effects, (2) nonparallel exit flow, and (8) partial flow 
expansion, For the steady-state case, the estimation of 
these losses is based on the internal memorandum by 
Bain Dayman, JY. (see footnote 1, page 4). 
Y + l  
Since, for steady-state operation, the flow rate is constant, the prcFerties Of the propellant at and the 
then 
wl - 0 1  (15) 
i d  Far miniature nozzles of the sizes discussed in this 
report, the boundary layer thickness can be on the order 
of W of the nozzle geometric exit radius. Thvrefore, the 
momentum loss in the boundary layer is an appreciable 
fraction of the nozzle thrust, and must be considered 
when calculating ihe expected thrust. A simplified 
approach assumes thRt the various boundary layer pam- 
meters at the nazzle exit are the same as the boundary 
layer parameters on a flat plat€,. This involves the follow- 
ing assumptions: 
y-1 I/n 
Ca,&P, (2y {(g) ( y 1) [ 1 - (2) ]I 
(E) Ih 
= [(E) (5) ] (I6) 
Eq* (16) for Pc, the valve chamber Pressure is (1) No boun&ry layer in the nozzle throat region. 
(2) Laminar boundary layer. 
(3) Adiabatic wall (nn b a t  transfer). 
(4) Flat plate length of I. 
1 -Y (g)? - (e)T - cpc = 0 = f ( p c )  (17) 
where (5) Uniform flow over flat plate at conditions (Mach 
number and pressure) of core flow at nozzle exit. 
(6) Permissible to calculate various boundary layer 
thicknesses and areas as if the thicknesses were 
small compared to the nozzle geometric exit radius, 
With a digital computer, a conveniec: method of solving 
nonlinear algebraic or transcendental equations to any 
degree of accuracy required is by the Newton-Raphson 
The relatiofiship between exit Mach number (ME) for 
sonic conditions at the throat (Ref. 3) is as follcws: 
- (2.L) 
iteration method (Ref. 2) where ( 7  M E  [ 1 1 (7 - 1 '('-') 
2 
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Asain, this equation is solved with the computer using 
the Newton-Raphson iteration method where 
Data points obtained from Ref. 4 were plotted and a 
least-squares curve fitting computer pro:. -.un used to 
obtain the following best fit equations (see Appendix B): 
The derivative of f(itfE) is 
6.5 < M E  < 7.5 (Bb) 6' - = S . 6 B f E  - 25.9 6 
The initial value of the aerodynamic nozzle area ratio, 
(Ae/At)aero, used in the iteration is set equal to M the 
geometric nozzle area ratio. With the exit Mach number 
a d  corresponding value of (Ac/At)aero, which satisfies 
Eq. (21) 
9.0 M E  < 10 (Bd) s* s - = 10.9 afE - 44.4 
With the detennii~a!isa of the boundary layer displace- 
ment thickness, the effective aerodynamic nozzle exit 
radius is now detenniced, the boundary layer thickness assodated 
with that valu? of A f E  can be found. The exit Reynolds 
number, R#, is (Re6 3) expressed by 
The new aerodynamic nozzle area ratio is 
This new ratio is next compared with the ratio value 
used in Eq. (21), and Eqs. 21 through 30 repeated using 
the equation 
where (Ref. 3) 
~ ~ 3 / 2  
T R  + 198.6 = 2.27 x 10-8 
and 
until The borindary layer momentum thickness is 
The relationship between boundary layer momentum 
thickness and displacement thickness ( S * / S )  as a function 
of Mach number was determined from Ref. 4. 
where e3 is the degree of accuracy required (0.001 in the 
se considered), 
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The ratio of thrust boundary layer loss subtracted from 
the maximum theoretical thrust to the maximum theo- 
retical thrust is expressed by (see footnote 1, Gzge 4): 
and 
-Y/ (Y-1) 
(39) 
The basic thrust equation for a nozzle operating in a 
vacuum can be written as 
An additional thrust loss results from the 00w having a 
pressure at the nozzle exit when the nozzle itself is oper- 
ating in a vacuum (i.e., flow not fully expanded). This 
loss ratio is given by 
for 
where VE is the mass-velocity vector parallel to the 
thrust axis. In the case of a conical nozzle, the exit 
velocities have both radial and axial components. The 
effective average exit velocity along the thrust axis is where (see Ref. 5)  
where 
(36) for I [Iz f ( R E ) & ] a  COS (u)eff = 
P A  ZZ P E  = 0 F n  = Fm, 
Therefore, the corresponding loss ratio is 
(5) 45
Fmax = P A  [(=) y - l  (L) y + l  ] (43) 
The solution to Eq. (40) can be determined by combining 
Eqs. (41), (42), and (43). The total thrust loss ratio 
through the nozzle can be expressed as 
(37a) 
- WE) - F(VB),n 
W E )  
LP - 
+ p.dAe)wro UvVE Qb(vE)eff -f pE(&)aero - 
g o  go 
Lt = 1 - [(l - L6) (1 - LJ (1 - L,)] (3%) 
(44) 
1 
L* = [%+ PE(Ae)aero 
where 
CEMg = V g  
J P l  TECHNICAL REPORT 32- 1353 
Therefore, the net thrust produced by the reaction jet is 
(374 
Fnet = Fwax (1 - Lt) 
The flow chart and the 1620 computer program utming 
these equations to determine net thrust are presented 
in Appendix C. The list prints of the programs utilized 
to plot Figs. 5 through 10 are contained in Appendix D. (38) 
7 
I I 
NITROGEN PROPELLANT I I I 
EFFECTIVE VALVE AREA X VALVF DISCHARGE 
COEFFICIENT, A 0  CR, in. 
Fig. 5. Valve pressure ratio 
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0 I 
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Fig. 6. Flow rate vs chamber pressure ratio 
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INLET STAGNATION GAS TEMPEF.4TIIRE, TO, 'C 
Fig. 7. Flow rate ratio vs tewperature 
VALVE CHAMBER PRESSUREfiALVE INLET PRESSURE,PC/PO 
Fig. 8. Net thrusF vs pressure ratio 
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35 
VALVE INLET PRESSURE, PO, psi 
Fig. 9. Net thrust vs inlet pressure 
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Fig. 10. Net thrust vs nozzle area ratio 
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111. Evaluation of Graphs 
With the formulation of the equations expressed in 
Section 11, a significant analytical tool is realized for 
the prediction of thruster steady-state performance. The 
analysis requires the following input data: 
Valve and nozzle geometries. 
Gas reservoir conditions. 
Valve orifice discharge coefficient. 
Ambient conditions. 
demonstrate the capabilities of this analysis, a 
series of parametric plots was generated using the IBM 
1620 I1 Data Processing System augmented by the 
IBhI 1627 Plotter. The following set of reference con- 
ditions, approximating Uariner N parameters, has been 
used for convenience: 
Po = 15 lb/in.' 
To = 25OC 
A,C, = 0.0015 in.' 
D, = 0.010 in. 
D = 25 deg 
P.l = 0 Ib/in.' 
y = 1.401 
Fref = 0.00191 lb 
F,, = 0.00213 lb 
A value for the A,C, parameter is required to use the 
plot series. This factor involves determining the valve 
orifice area (A,,). The procedure is outlined in Appendix A 
for a typical ball valve. It is also necessary to input the 
valve orifice discharge coefficient (C,). The product of 
A, and Cav is A$,. At present, this discharge coefiicient 
is approximated because experimental values have not 
been obtained for a range of orifice and nozzle geometries. 
The effect of A&, on the ratio of chamber pressure to 
inlet pressure is shown in Fig. 5 for a range of nozzle 
throat diameters fiom 0.005 to 0.050 in.2 Figure 5 is 
plotted from Eq. (17). For a given inlet pressure, the 
chamber pressure increases (pressure drop decreases) as 
the downstream throat diameter increases and as .4,C, 
increases. 
Figure 6 illustrates the ratio of propellant weight flow 
rate at T,, = 25°C to gas inlet pressure as a function of 
the pressure ratio previously determined from Fig. 5. 
It is apparent from this plot that the weight flow rate is 
inversely proportional to the pressure ratio for any given 
AX, .  
The effect of gas inlet temperatures ranging from 
- 100 to 150°C on the weight flow rate is shown in Fig. 7. 
The flow rate is expressed as a ratio of the flow rate at 
a given temperature to the flow rate at 25°C. This ratio 
is inversely proportional to temperature. Figures 5, 6, 
and 7 thus establish a flow rate for any set of inlet con- 
ditions and valve-nozzle geometry. 
The net steady-state thrust is shown in Fig. 8 as a 
function of the pressure ratio for a range of A,C, from 
0.0005 to 0.005 in.? and for Po = 15 Ib/in.? As indicated 
in Fig. 5, an increase in nozzle throat diameter (Dt )  for 
a constant A,C, results in a decrease in the chamber 
pressure for a constant Po because, with a larger nozzle 
diameter, a greater percentage of the total pressure drop 
across the nozzle and valve in series occurs across the 
valve. This decrease in thrust, resulting from a decrease 
in chamber pressure, is offset, however, by the increase 
in thrust caused by the larger nozzle diameter. This 
relationship is indicated in Fig. 8 where the net thrust 
increases as the pressure ratio decreases (indicating in- 
creasing nozzle throat area) for a constant vahe of A$, 
and Po. If Fig. 8 had been plotted for constant values of 
nozile throat diameter (0,) rather than constant values 
of A& it could be shown that net thrust increases as 
the nozzle throat diameter increases for constant values 
of A&, and Po. It should be noted that, in Fig. 8, the 
inlet temperature, the inlet pressure, the nozzle half- 
angle, and the nozzle geometric area ratio are set at the 
reference conditiom. 
Variqtions of the reference conditions generate the 
graphs in Figs. 9 and 10. Figure 9 shows the effect of in- 
creasing gas inlet pressure ( P o )  on the ratio of calculated 
net thrust at the given Po to net thrust a t  Po = 15 Ib/in.? 
and T, = 25OC (i.e., reference thrust). A temperature 
range from -200 to 250°C is considered. The plots 
representing these two extremes of temperature are par- 
allel to the plot for T ,  = 25"C, the -200°C value 
increasing net thrust by 0.525% and the 250OC value 
decreasing net thrust by 0.525%. The net thrust is there- 
fore relatively insensitive to large changes in gas inlet 
temperature. Therefore, since the flow rate is inversely pro- 
portional to temperature, the specific impulse (ILP = F/*,) 
increases with increasing temperature as Intioipated. The 
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above temperature range is believed to include most 
future planetary mission constraints. 
Pitch-yaw 
Roll 
The effects of nozzle skirt geometry become more 
evident in Fig. 10 where geometric nozzle area ratio and 
nozzle half-angle are considered for all other variables 
at reference conditions. The vertical axis of Fig. 10 is a 
ratio of the net thrust for the indicated value of half- 
angle and geometric area ratio to the maximum thrust 
for the reference conditions as given by Eq. (43). As such, 
Fig. 10 should be used mainly as an indication of the 
trend of the net thrust as a function of these two param- 
eters. To determine the actual net thrust for conditions 
other than reference conditions, a computer run should 
be made (see Appendix C). In Fig. 10, it is apparent that 
an optimum nozzle area ratio exist.; for each half-angle; 
this optimum area ratio and the corresponding niaximum 
net thrust for the given half-angle increase as the half- 
angle increases for values of AJAt to 175. This trend 
indicates that values of AJA, from 50 to 175 and of half- 
angle from 25 to 30 deg would be good design parameters. 
0.2s 
0.00225 0.00233 
0.0040 0.00399 
IV. Conclusions and Recommendations 
The theoretical analysis and associated parametric plots 
for steady-state thruster performance have been demon- 
strated. With the parametric plot series and associated 
computer programs, it is practical to predict weight flow 
rate and net thrust, given the nozzle geometry and gas 
condition inputs previously oiitll.ied. Conversely, given 
the appropriate mission requirements, thruster design 
requirements may be determined by applying the math- 
ematical analysis. 
As a verification of a portion of the analysis and its 
supporting assumptions, input data corresponding to the 
Mariner ZV pitch-yaw and roll thrusters were used to 
predict steady-state thrust. These input data result from 
laboratory experimentatior;. The results are shown in 
Table 1. 
Table 1. Comparison of steady-state thrust, 
computer and test data 
Net thrust 
prediction, 
t thrust 
it doto, I computed 1 D i f f T  I 
Ib 
I Ib I I 
The close agreement presented in Table 1 indicates 
that, for values of the design parameters close to tbe 
Mariner N dsta, the initial assumptions outlined pre- 
viously to facilitate an analytical solution are valid. The 
test previously mentioned is the only attempt made by 
the authors to date to verify the graphical results pre- 
sented in this report. In the absence of test verification, 
the authors anticipate a 10 to 20% spread in computer 
versus t a t  results at the extremes of the design param- 
eters. Tests will be conducted to substantiate these claims. 
There are two major areas in the analytical derivations 
which could lead to major differences in net thrust values 
for computer versus actual test data. The first area is in 
the determination of the valve orifice discharge coeffi- 
cient as a function of valve geometry and inlet gas condi- 
tions. The second area of concern is in the calculation of 
thrust losses, particularly losses caused by boundary layer 
buildup in the nozzle. A flat plate analogy was used to 
calculate boundary layer thickness. Since the task pre- 
sented in this report was initiated, more accurate meth- 
ods of predicting boundary layer losses in conical nozzles 
have become available. These were not incorporated into 
this report. 
This analysis is restricted to a subsonic orifice in series 
with a sonic nozzle throat and separated by a chamber 
volume of approximately 0.2 cc. Cold nitrogen gas was 
assumed to be the propellant throughout the study; the 
capability for accommodating other gases within the 
computer series d e s  erist. For son-3 gase,, a thmz: loss 
caused by vapor condensation in the nozzle must be 
taken into account (Ref. 1). The analysis could also be 
extended to include the effect of heating the gas in the 
chamber (Ref. 6). 
This report summarizes a first iteration attempt at 
providing an analytical and design to31 to be used in 
fabricating valve-nozzle configurations to meet specific 
steady-state thrust requirements. As such, improvements 
can be made in future iterations. The following are 
recommendatiom for future effort on this program: 
(1) Set up an experimental program and/or literature 
search to determine the valve orifice discharge 
coefficient as a function of valve geometry and 
inlet gas conditions. 
Incorporate into this program available information 
from recent literature on more accurate determi- 
nation of boundary layer thicknesses in conical 
nozzles. 
12 JPL TECHNICAL REPORT 32-1353 
(3) Establish test apparatus to measure steady-state 
thrust for a variety of valve-nozzle configurations 
(5) Once the steady-state analysis has been updated 
and verified, initiate a similar type of analysis for 
to verify the results presented in this report over 
the range of parameters considered. This effort is 
currently in progress to a limited extent. 
transient response to determine thrust-time pro- 
files, and thus, total impulse delivered for the 
attitude control gas jets. 
. - -  
(6) Perform similar analysis to study such areas as 
gases other than nitrogen, the possibility of heating 
the gas prior to expulsion, and valve configurations 
not considered in this report. 
(4) Compare the results of this report with recent liter- 
ature published on similar efforts. 
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Appendix A 
Valve Orif ice Effective Area 
A typical ball valve in the closed and open positions 
is shown in Fig. A-1. From these diagrams: 
(A-5) 
(A-7) 
and 
H = A 2 - E  (A-8) 
The equation !or the surface area of a truncated cone is 
A, = m(RS + B )  ( H Z  + (R ,  - (A-9) 
Substituting Eqs. (A-6) and (A-8) into Eq. (A-9) and 
simplifying gives 
Figure A-2 illustrates the effective value orifice area for 
a range of ball travel from 0.002 to 0.012 in. using the 
Mariner ZV values of ball and seat radius. 
R, = 0.066 in. 
R b  = 0.094 in. 
Equation (A-10) then becomes 
(0.2073) (Tb) (0.134 + Tb) 
= [0.008836 -I- Tb (0.134 Tb)]* 
(A-11) 
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(a) CLOSED POSITION 
(b) OPEN POSITION 
FLOW DIRECTION 
Fig. A-! . Ball valve operation diagram 
0.0015 
o . O O , o ~  
0.0005 
0.002 0 
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0.0040 I I 
DS = 0.132in. 
DB = 0.188in. 
0.0035 - 
0.0030 
-. 
c .- 
@ALL TRAVEL, TB, i n .  
Fig. A-2. Ball valve effective orifice area 
I .  l is t  Print for Fig. A-2 
DS=.132 
OB=. 188 
P I  =3.1416 
READ 1, TBMJN ,TEMAX ,TBLEN, T B I  NC, AOM I N ,  AOMAX 9 AOLEhl ,A0 I N C  
FORMAT (2F10 e59F5.1, F10.5, 2 F l O . 7  t F5,1,F1017) 
READ 2,DX ,DY ,DLX,DLY ,DLT, DPc X S F t  Y S F  
1 
2 FORMAT (6F5 .1 ,ZF lO .  1) 
X M I N = T B M I N  
XMAX'TBMAX 
X L  E N  =T B L E N  
X I N C = T E I N C  
YM I N  =AOM I N  
YMAX=AOMAX . 
YLEN=AOLEN 
Y I N C = A O I N C  
X L (  l ) = X M I N * X S F  
Y L (  1 ) = L M I N * Y S F  
D I M E N S I O N  X L ( 6 ) r Y L ( 8 )  
XPOSX=XMIN-(  (DX/2 .  ) * e  l * X I N C )  
YPOSX=YMIN- ( .Z *Y INC)  
XPOSY=XMIN- (  (DY+1. ) * a  l * X I N C )  
YPOSY -YM I N - (  .05*Y I N C  1 
DO 1000 I C A N = l r 5  
DO 1001 J C A N = l , 7  
CALL  PLOT ( 101 XMIN, XMAX, XLEN, x INC ,YMIN ,YMAX ,YLEN, Y INC 1 
1000 x L (  ICAN+l)=XL(ICAN)+(XINC*XSF) 
1001 Y L (  J C A N + l ) = Y L . (  J C A N ) t ( Y  I N C * Y S F )  
D L 7 0  e 
DO 4 I C A N = 1 , 6  _,. 
C A L L  PLOT(90,(XPOSX+(DL*XINC:),YPOSX) 
C A L L  C H A R ( l , O . l , O t X L ( I C A N ) )  
3 FORMAT ( F6.3 1 
4 D L = D L + l .  
DL=O 
DO 6 JCAN=1,8  
C A L L  P L O T ( 9 0 , X P O S Y t  ( Y P O S Y + ( D L * Y I N C )  1 )  
C A L L  C H A R ( l , O . l , O , Y L ( J C A N ) )  
5 FORMAT(F7 .4 )  
4 D L = D L + l .  
C A L L  P L O T ( 9 0 , ( X M I N + ( . 5 * X I N C ) ) r ( Y M A X + ( . l s Y I N C ) ) )  
C A L L  CHAR(1,O. l  cO,DB) 
C A L L  PLOT(90r(XMIN+(.5*XINC)),(YMAX+(.3*YINC))) 
C A L L  C H A R ( l , O . l t O , O S )  
C A L L  P L G T ( 9 0 , ( X M I N + (  ( X M A X - X M I N - ( D L X * . l * X ! M C )  ) / 2 .  ( Y M I N - (  .5*YINC,  
C A L L  CHAP(0 ,O ' l .O)  
C A L L  P I O T ( 9 G , ( X M I N * ( ( X M A X - X M I N . - ( D L T * . Z * X I I \ l C )  ) / ? e  1 1 ,  ( Y M A X + ( ( ( . Z * D P  
7 FORM AT ( 4 HDR F 6 3 1 X 211 I N 
8 FORMAT(4HDS = r F & . 3 , l X Z H I N )  
1 ) )  
9 FORMAT ( 21 iTB)  
1+.3 ) *Y I N C )  i ; 
C A L L  CHAR I [ >  t0.2 $0 1 
10 F O R M A T ( 3 3 H H d i - L  V A L V E  E F F E C T I V E  O R I F  ICE A R E A )  
C A L L  P L G T  ( 90 , ( X M I N- ( ( DY 4.2 e 1 * 1*X I MC 1 7 ( YM I N *  ( Y f4A X-Y M I N - (  DL Y *. l * Y  I hl 
l C ) ) / Z . ) )  
C A L L  CHAR (0,O. 1, 1 )  
N1= 11 
N 2 = N l - 1  
11 FORMAT ( 2 H A O )  
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II. Output Data from Computer Program for 
Effective Valve Orifice Area 
SEAT AREA = .13684809E-01 IN? 
EFFECTIVE VALVE ORIFICE A R E A  
* A0 (IN21 
059037808E-03 
038536072E-03 
*11801498E-02 
m14747079E-02 
17689989E-02 
020629836E-02 
23 566464E-02 
026499431E-02 
29tt28477E-02 
e32353455E-02 
.e 35274030E-02 
18 
BALL TRAVEL 
( I N .  1 
.0020 
-0030 
silo40 
00 50 
.r)060 
0070 
.ooso 
,0090 
.rJ 100 
.0110 
.o 120 
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Appendix B 
8ewdary Layer Thicknesses Versus Mach Number 
The values of the boundary layer displacement and 
momentum thickness were taken from Ref. 4 for Mach 
numbers ranging from 0.4 to 5. The values of boundary 
layer thicknesses for Mach numbers ranging from 5 to 10 
were obtained through personal conversation with Leslie 
Mack, the author of Ref. 4. These values are presented 
in Table B-1. 
For Mach numbers between 0 and 6.5, a standard least- 
squares curve fitting program for polynomials up to tenth 
order was used to determhe the equation which best fits 
the data points in Table B-1. The resulting equation used 
in thic walysis is 
- _  '* - - 0.00022 M; i o.oom n4 ; - 0.07610 ai; 
6 + 0.39770 Mi - 0.30876 Mi 
+ 0.99230 ME + 2.28324 
0 <I ME <6.5 (B-1) 
For Mach numbers between 6.5 and 10, three straight 
line segment were used to best fit the data points. These 
equations are as follows: 
- _  '* - 8.6 ME - 25.9 6.5 < ME < 7.5 (B-2) 6 
- _  '* - 10.9 n4, - 44.4  ME< 10 (B-4) 6 
A plot of the data points and the fitted curves is shown 
in Fig. B-1. 
JPL TECHNICAL REPORT 32-1353 19 
Table B-1. Values of boutidary layer thicknessesa 
~~ 
1.7080 
1.9837 
2.3 104 
2.41 28 
2.5235 
2.7695 
3.0495 
3.3638 
3.71 28 
4.0906 
4.5200 
4.7450 
4.9791 
5.4767 
6.01 16 
6.5013 
7.1 855 
7.0244 
8.4977 
9.2050 
9.9100 
10.3222 
10.7240 
1 1 S360 
12.381 3 
0.66225 
0.65037 
0.6531 6 
0.651 82 
0.65050 
0.64799 
0.64573 
0.64308 
0.64244 
0.641 50 
0.641 02 
0.641 00 
0.64 104 
0.641 55 
0.64220 
0.64294 
0.64354 
0.64403 
0.64448 
0.64480 
0.64523 
0.64539 
0.64555 
0.64583 
0.64609 
a* J6 
0.4 
0.8 
1.2 
1.3 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.7 
2.8 
3.0 
3.2 
3 -4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.5 
4.6 
4.0 
5.0 
5.5 
6.0 
10.0 
MI = Mach number. 
boundary layer displacement thickness. 
6 = boundary layer momentum thickness. 
22.6 
26.3 
30.0 
34.0 
38.6 
43.2 
40.6 
53.7 
59.2 
64.6 
Fig. 8-1. Mach number vs boundary layer 
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Appendix C 
Detailed Description of Net Thrusf Prediction Program 
The equations resulting from the analytical derivation 
were programmed for the IBM 1620 I1 Data Processing 
System augmented by the IBM 1627 Plotter using Fortran 
language. A detailed flow chart of the basic program is 
included both to indicate the sequence of mathzmatical 
operations and to aid those not familiar with Forkran in 
following the program. The flow chart has been keyed to 
the statement numbrm k. the basic pgram. Portions of 
this basic program were used to produce the programs 
(Appendix D) needed to generate the parametric curves 
for Figs. 5 through 1G. Also, list prints of the output for 
inputs typical of Mariner N operating parameters (see 
values used as listed in parentheses after card hputs be- 
low) are included in this appendix to indicate the output 
formzt. The inputs to the program are read in on three 
input cards according to the program statements 1, 5, 
and 7, respectively, as follows: 
(1) Card 1 (Statement 1) 
Read in: 
MAX1 maximum number of chamber pressure 
MAX2 maximum number of Mach number itera- 
iterations-(3Oj 
tions-(30) 
ations-(30) 
value-( 0.ooOl) 
(0.Oool) 
(0.01) 
MAX3 maximum number of boundary layer iter- 
ESP1 chamber pressure iteration accuracy 
ESP2 Mach number iteration accuracy value- 
ESP3 boundary layer iteration accuracy value 
(2) Card 2 (Statement 5)  
Read in: 
CDV valve orifice discharge coefficient- 
(0.3478) 
TR valve ball travel from seat face (ha)- 
TO inlet gas temperature ("C)-(W) 
DB valve orifice ball diameter (in.)- 
DS valve orifice seat diameter (in.)- 
ARTGEO geometric nozzle area ratio (in.*)- 
CV specific heat at constant volume (ft2/ 
(0.0085) 
(0.188) 
(0232) 
(260.5) 
s2-'R)-(4290) 
SIGDEG nozzle exit half angle (deg)-(25) 
GAMMA ratio of specific heats (1.401) 
(3) Card 3 (Statement 7) 
Read in: 
R gas constant (in.-lbf/lbm-"R)-(S.!32) 
PA ambient pressure (Ib/in.*)<O) 
PO valve inlet pressure (Ib/jn.+05) 
PCINIT initial chamber pressure iteration value 
(lb/in?)-(l4.9) 
DT nozzle thmzt diameter h.)-(0.0113 
and O.Gi47) 
CNINIT initia? nozzle exit Mach number iteration 
valuct(6) 
PI 3.1416 
GO acceleration of gravity (in./s2)386.068 
The basic program is set up to completely recycle for 
each set of initial values of the operating parameters 
read in on Cards 2 and 3. The number of times Cards 2 
and 3 are read in is governtd by the value of the variable 
N1. 
The flow chart and list print of the basic program with 
Mariner N output follow. 
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1. Flow Chart for Net Steady-State Thrust 
Prediction Program 
START 
ITERATION AN@ ACCURACY LIMITS 
DO 173 N1 TIMES 
p1 6.8 INPUT OPERATING PAR4METERS 
COMPUTE A, 6 9-2 1 
FXlNT IDENTIFICATION AND 
FLOW CHART LEGEND: OUTPUT COLUMN HEADINGS 22-49 
T I  SIMPLETASK 
COMPUTE CHAMBER PRESSURE SO-79 Q> <-> DECISION 
COMPUTE FLOW RATES 80-84 
0 START-STOP-PAUSE 
0 CONNECTIONS 
COMPUTE NET THRUST 133- 150 9 PRINT RESULTS 151-172 
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COMPUTE A, 
A 
R,, = DB/2 
'ml Q = R SIN@ R 
1 
A, = 7.R: 
NO 
22 
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A 
32 PRINT: To 
t 
t 
t 
t 
34 PRINT: NITROGEN PROPELLANT 
36 PRINT: A, 
38 PRINT: A, 
40 OUTPUT COLUMN HEADING - NET THRUST 
c 
OUTPUT COLUMN HEADING -NOZZLE THROAT DlAM 
t 
OUTPUT COLUMN HEADING -VALVE PRESSURE DROP 
OUTPUT COLUMN HEADING - THRUST LOSSES 
c 
OUTPUT COLUMN HEADING - EXIT MACH NUMBER 
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COMWTE CHAMBER PRESSURE 
R, = D,/2 
* 
v 
A,= R * R :  
A,= ( A e/ A t]g& * A t  
c 
DE = (4 A,&) a 
I P = P  
c c(1NIT) I 
IN1 = I N 1  + I  16J 
JPL TECHNICAL REPORT 32-1353 25 
NO 
76 
P = P  
c 4 n )  
i 74 
PAUSE 
A P  = P 9 
COMPUTE FLOW RATES 
w v o  = A ’ C  dv *Po * (Pc/Pof/y [(2 *go/R *TR) * ( Y / ( Y -  1 )) (I - (Pc/Po)” - 1)’7)]vz1 
i 
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COMPUlE MACH NO. AND BOUNDARY LAYERTHICKNESS 
92 
(A*/Attaero= O a 5  * eo 
- ‘NINIT 
f(cN) = c3 cN ( I  + C ~ C ~ ) - ~ I   [ A , / A , ) ~ ~ ~  
-I
IN3= I w-0 
103 PRINT: CN, ITERATION LIMIT EXCEEDED 
1 I Sf(CN) = -2c,c2c3< (1 +c&) -cl -1 + c 3  (I +c2<)-cI I 
4 
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COMPUTE NET THRUST 
1-1 VE = CE 
I I 
t 
I L, = [I - 1/2 (I + COSve,~]/[ l  + CFP] I 
I LA = 2 (RE - 8/2) * S/(RE - 8’)2 I 
t 
I Ftheor = ‘F “c ‘ A t  
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PRINT RESULTS 
151 P R I M :  Fmt, Dt, AP, FLTOTP, uy, CN 
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91. Computer l is t  Print for Net Thrust Prediction Program 
1 READ ~ ~ M A X ~ I ~ A X ~ I M A X ~ I E P S ~ ~ E P S ~ T F P S ~  
2 FORMAT (6F10.5) 
4 00 173 I = l r N l  
5 READ ~ ~ C D V I T B ~ T O Y D B ~ D S I A R T G E O ~ C V ~ S I G D E G ~ G A ~ ~ M A  
6 
7 READ 
8 FORMAT(8F10 .5 )  
3 N 1 = 3  
FORMAT I F  10.7 ,F loe 5, F5.192F5.3 I F10 r 3 r  F10.2 rF5 e 2  7 F10 -5 1 
8 ,R I PA 9 PO , P t I  N f  T r  DT I C N I N I  TI P I ,  GO 
9 RS=DS/2. 
i3 :E!==nH/2. 
11 A l = S Q R T F i  :P.R**2)-(RS**2) i 
12 A Z = A l + T B  
13 P H I Z = A T A N F ( R S / A Z :  
14 Q = ( R S / S I N F  ( P H I  2 1-KY 
1 5  B=RB*RS/(RB+Q) 
16 E=AZ*B /RS 
17 H=AZ-E 
1 8  AO=PI*IRS4B)*SQRTF((~~~~2)i( (RS-@)**Z) 1 
19 AiJX=PI*RS*RS 
20  1 F ( A O - A 0 X ! 2 2 1 2 1 1 2 1  
2 1  AO=AOX 
22 P R I N T  2 3 1 P 0  
23 F O R I ~ A T ( ~ H ~ I ~ X ~ ~ H I N L E T  PRESSURE = r F 7 . 3 r l X ? H ( L B S / I N Z  1 )  
24 P R I N T  2 5 r C D V .  
25 F O R M A T ( 5 X 3 7 H V A L V E  O R I F I C E  D I S C H A R G E  C O E F F I C I E N T  =,F7.4) 
26 P R I N T  27,TB 
27 F O R N A T ( 5 X 1 3 H B A L L  TRA\’EL =,F7.591X4H( IN’)’) 
28 P R I N T  2 9 r A R T G E O  
29 F O R M A T ( 5 X 2 9 H N O Z Z L E  GEOWETRIC ARE4 R A T I O  =,FR.3) 
30 P R I N T  3 l r S I G D E G  
3 1  F O R M A T ( S X 1 9 H N O Z Z L E  HALF-ANGLE = t F 5 * l r l X 5 H ( D E G ) )  
32 P R I N T  33,TO 
33 F O R M A T ( 5 X 2 3 H I N L E T  GAS TEMPERATURE = t F 6 . 1 , 1 X 7 H ( D E G  C 1 )  
34 P R I N T  35 
35 FORMAT ( 5 X 1 9 H t : I T R O G E N  P R O P E L L A N T )  
36  P R I N T  3 7 v A O  
38 P R I N T  3 9 r A O X  
39 F O R M A T ( S X 1 7 H V A L V E  S E A T  AEEA = t F 7 . 5 r l X 5 H ( I M 2 ) / / )  
37 F O R M A T ( 5 X 3 0 H V A L V E  O R I F I C E  E F F E C T I V E  AREA = I F ~ . ~ , I X ~ Y ( I N ~ ) )  
40 P R I N T  41 
41 FORNAT ( 5 X l O H N E T  THRUST, ~ ~ X ~ H N O Z Z L E I ~ X ~ H V A L V E  T ~ X ~ H T H R U S T ,  lOX6Hb;E I 6 H  
4 2 1 T t 9 X 9 H E X I T  K A C H )  
44 
43 P R I N T  44 
4 5 1 9 X 6 H N U M B E R  1 
46 P R I N T  47 
47 F O R M A T ( ~ ~ X ~ H D I A M E T E R ( ~ X ~ H D R O P T ~ X ~ O H ( P E R  CENT ) r 7 X 9 i i ( L H S / S E C  1 )  
48 P R I N T  49 
49 FORMAT(27X4H(IN)r6X9H(LBS/IN2) / I  
FOR:4AT 1 7 X 5 H (  L B S l  I 14X6HTHROATr6XEHPRESSURE r7X6HLOSSES.9XAHFLOMnATE~ 
SO R l = D T / L .  
5 1  AT=PI *RT*RT 
52 AE=ARTGEO*AT 
53 DE=S ’JRTF(4 . *AE/P I )  
54  RE=DE/2. 
55 SIGMA=(SIGDEG/360.)=2.*P-I 
5 6  SL=(RE-RT )*COSF ( S I G M A )  / S I N F ( S I G M A  1 
57 F G A M = ( G A M M A + l . ) / ( G A M ~ A - ” . )  
58 P C = P C I M I T  
59 C PC= ( I GAMMA- 1 1 / 2 1 * ( ( A T /  ( AO*C DV 1 1 ** 2 1 * ( ( 2 / ( GA %MA 1 1 1 1 **FGAM ) 
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60 I N 1 = 1  
621) 1-CPC 
6 1  FPC= ( ( P.f?PO )** ( ( 2*-( ,?.*GAMMA ) ) /GAMMA 
DFPC=(  ( (2 . - \?o*GAMMA) ) / G A M M A ) * (  PO*\'( ( (2.*GAMMA)-2. ) /GAMMA) ) * ( P C * * (  
I - (  ( PC/PO ** ( ( 1. -GAMMA) /GAMMA 
63 
6 4 1 ( 2 . - ( 3 . * G A M M A , ) / G A M M A 1 ) ) ) - ( ( ( 1 o - G A M M A ) ~ G A M M A ! * ( P O * * ( ( G A M M A - l . ) ~ G A M M  
6 5 2 A ) ) g ( P C * * ( ( 1 . - ( 2 . * G A ~ ~ M A )  ) / G A M M A ) )  1 
66 P C N x P C - ( F P C / D F P C )  
67 I F ( S E N S t  S W I T C H  2 1 6 8 9 7 1  
68 P R I N T  6 9 9 F P i r D F P C , P C N , I N l  
69 FORMAT ( 2 X 5 h F P C  = ) E l  5 - 6 9  5 X 6 H D F P L  =, E l 5 . 8 9  5 X E q P C N  = T  E 1 5  e 8  9 5 X l O H I  TER(  
7 0 1 P C )  =,I41 
72 I F ( A B S F ( P C N L P C ) - C C S l i 7 8 r 7 8 p 7 3  
74 I F ( M A X l - I N l ! 7 5 . ~ 7 5 r 6 1  
75 P R I N T  7 6 9 P C  
76 F O R M A T ( Z X 2 4 H  T E R A T I O N  L I M I :  E X C E E D E D I ~ X ~ H P C I D I V )  = r E 1 5 . 8 )  
7 1  I N l = I N l + l  
73 PC=PCN 
77 PAUSE 
73 FC==CN 
79 D E L  '=PO-PC 
8 1  WM)OT--AO*CDV+PO=( ( PCIPO) **( 1. /GAMMA) WORTF ( (2. *GO/(R*TR) ) * (GANMA/  
80 T R = ( 9 - * T 0 ) / 5 . + 4 9 1 . 6 9  
821(GAMMA-1.) I * (  lo-( ( P C / P O ) * * !  (GAMMA-1. ) /GANMA)  1 )  1 
83 
841(GAMMA- l .  1 1  1 )  
85 ARTERO=.5*ARTGEO 
WTD@T-FC*AT*SQRTF( (GAMMA*GO/(R*TR 1 I * (  (2 . / (GAMMA+l .  )-.I**( (GAMWA+l. I /  
ti6 C N = C N I N I T  
87 IN3=1 
88 I N 2 = 0  
89 C l = ( G A M M A + l .  ) / (Z.* (GAMMA-l .  1 )  
90 CZ=(GAMMA-1.)/2. 
91  C3=((GAMMA+1.) /2 . )**Cl  
92 FCN=C3*CN*((l.+(C2*CN*CN) ) * * ( - C l ) ) - (  l . /ARTERO)  
9 4 1 * C N )  ) * * ( - C l )  1 )  
95 CNN=CN- (FCN/DFCN)  
97 I F ( S E N S E  S W I T C H  2 ) 9 8 r 1 0 0  
98 P R I N T  9 9 r P C N s D F C N t C N N  
99 FORMAT ( 2 X 5 H F C N  = t  E15.3 9 5 X 6 H D F C N  = pE15 .8y5X5HCNY = t E! 5 08 1 
93 D F C N = C 3 * ( 2 . * C 2 * C N * C ~ ~ ( - C l ) * (  ( l . + ( C 2 * C N * C N )  ) * * ( - C l - l .  I ) + ( (  l . + (CZ*LN 
96 I N Z - I N Z + l  
100 1F~Ai3SF~CNN-CN)-EPS2)105y105~101 
102 I F ( M A X 2 - I N 2 ) 1 0 3 , 1 0 3 : 9 2  
103 P R I N T  1 0 4 r C N  
1 04 
101 CN=CNN 
FORM AT ( 2X  2 4 H  I T E  R A T  ION L I M I T E XC E E, c D  9 5X 9liM E ( D 1 V 1 = 9 E 1 5  8 1 
105 CN=CNN 
106 TRAT=lo+((GAMMA-l.)*CN*CN/2.) 
1 0 7  U O = ( 2 . 2 7 0 E - O 8 ) = ( T R 3 * (  3./2.)) / (  T R + 1 9 8 * 6 )  
1 08 
10916AMMA-l.)))*(((TR/TRAT)+l98.6)/(TR+198.6)) 
110 RENO=12.*RENOU*SL*PC 
11 1 D E L T A =  . 6 4 5 * S L / S Q R T F  (RENO)  
112 I F ( C N - 6 . 5 ) 1 1 3 , 1 1 3 , ' . 1 6  
1 1 3 
1141-.30876*CN**2+.9923OX:CN+Z.28324) 
116 
1 1 7 
RENOU = ( C N /UO 1 * SQRT F ( GAMMA / ( ( GA m14 A- 1 *C V*T R 1 1 3 ( T KAT <<* ( ( G AMM A- 2 ) / ( 
D E L S T R =D E L T A * ( - 0 1 3 2 2 * C N ** 6+ 00 6 7 1 ccC N * * 5- 0 76 1 0 *C N '>*4 + 39 770 *C N *:*3 
1 1 5  GO TO 1 2 3  
I F  (CN-7  -5  1 11 7 9 117 9 119 
D E L  ST R =D E L T  A * ( 8 6*C N-2 5 9 1 
118 GO TO 1 2 3  
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119 I F ( C N - 9 . 0 ) 1 2 0 r 1 2 0 , 1 2 2  
1 2 0  DELSTR=DfLTA* I lO.O*CN-36.4)  
1 2 1  GO T O  1 2 3  
1 2 3  REEFF=RE-DELSTR 
1 2 5  A R I T E R = ( R E E F F * R E E F F ) / ( R T * R T )  
1 2 2  DELSTR=DELTA*(10*9*CN-44.4) 
1 2 4  I F ( R E E F F ) 1 2 9 t 1 2 9 t 1 2 5  
1 2 6  I F f A t 3 S F ( A R T E R O - A R I T E R ) - E P S 3 ) 1 3 3 r 1 3 3 r l 2 7  
1 2 7  I F l M A X 3 - I N 3 ) 1 3 1 ~ 1 3 1 ~ 1 2 8  
1 2 8  I N 3 = I N 3 + 1  
i 2 9  A R T E R O = ( A R T E R O + A R I T E R ) / 2 .  
1 3 0  GO TO 8 8  
131  P.RIhT 1 . 3 2 r A R I T  
133 S I G E  FF=ATANF I .  C - F F  'SL  1 
1 3 2  'FORMAT(2X2+H! ' I O N  L I M I T  EXCEEDEDr5X13HARTESO(DIV 1 = ,E 15 .8)  
134 P E = P O * ( ( 1 . + ( ( ( G A M M A - i . ! / 2 . ) * C N * C N ) ) * * ( - G A M M A / ( G A ~ l M A - l o ) ) )  
1 3 5  T E = T R / T R A T  
136 CE=SQRTF(GO*GAMMA*R*TE)  
1 3 7  VE=CE*CN 
1 3 9  CFP=PE*ARITER*GO+AT/(WODOT*VE) 
1 3 8  V C F = V E / 1 2 .  
140 FP~(1.-.5*(1.+COSF(SIGEFF)))/(l.+CFP) 
141 F D E L = 2 . * ( R E - ( D E L T A / 2 o )  ) *DELTA/( (RE-DELSTR)* (RE-DELSTR)  1 
1 4 2  
1431 1 
144 C F = S Q R T F ( ( ( ~ ~ * G A M M A ~ G A M M A ) / ( G A M M A - ~ ~ ) ~ * ( ( ~ ~ / ( G A M M A + ~ O ) ) ~ ~ F G A M ) * ( ~ ~  
1 4 5 1 - ( ( P E / P C ) * * ( ( G A M M A - l . ) / G A M M A ) ) ) ) + ( ( P E - P A ) ~ A R I T E R / P C )  
FMAX=PC*AT*SQRTF LZo*GAMMA*GAMMA*( (Z . / (GAMMA+l .  I ) * *FGAM)  / (GAMMA- l .  i 
146 FTHEOR=CF*PC*AT 
147. F N = ( F M A X - F T H E O R ) / F M A X  
1 4 8  F L T O T = l o - ( ( ~ , - F P ) * ( l . - F D E L ) * ( l . - F N ) )  
1L9 F:TOTr=FLTOT* lOO.  
1 5 0  FNET=FMAX*(  1 o - F L T O T )  
1 5 1  P R I N T  152tFNETrDTrDELPrFLTOTPrWODCJT~CN 
1 5 2  F O R M A T ( 2 X r E 1 5 o 8 r 7 X ~ F 8 . 5 ~ 5 X ~ F 7 ~ 4 ~ 8 X ~ F 6 . 2 r 6 X r E l 5 ~ 8 ~ 6 X r F 6 o 3 ~  
1 5 3  I F ( S E N S E  SWITCH 2 1 1 5 4 9 1 7 3  
1 5 4  P R I N T  1 5 5 r W T D O T p I N 2  
1 5 5  FORMAT(EX7HWTDOT = t E 1 5 . 8 r 5 X l O H I T E R ( M E )  = , I 4 1  
1 5 6  P R I N T  1 5 7 r A R T E R O , A R I T E R , I N 3  
1 5 7  FORMAT( 2 X 1 3 H A E / A T (  I N I T )  = r E 1 5 . 8 ,  5 X 1 3 H A E / A T (  I T E R )  g r  E 1 5  08  r S X l O H I T E R  
1 5 8 1 ( B L )  = , I 4 1  
1 5 9  P R I N T  1 6 0 r P C t P E r T E t C E r V E F  
160 FORMAT(ZX4HPC = r E 1 5 . 8 r 5 X 4 H P E  = r E 1 5 . 8 7 5 X 4 H T E  = r F 1 5 . 8 ~ 5 X 4 H C E  = r E 1 5 . 8  
1 6 1 1 t 5 X 5 H V E F  = r E 1 5 . 8 )  
1 6 2  P R I N T  163rTRAT,UOrRENOU,RENO 
1 6 4 1 6 H R E N L l  = 9 E15.8 1 
1 6 5  P R I N T  1 6 6 , D E L T A r D E L S T R r R E E F F  
1 6 6  FORMAT(2X7HOELTA =,E15.8 ,5X13HDELTA(STAR)  = r E l 5 . 8 , 5 X 9 H R P ( E F F )  = , E l  
1 6 7 1 5 . 8 )  
1 6 8  P R I N T  169,F 'THEORrFMAX 
1 6 9  FORMAT ( 2X8HFTHE;IR 
170 P R I N T  1 7 l r F P r F D E L r F N r F L T O f  
171 FORMAT ( 2 X 4 H g P  = r  E 1 5  -8 9 5 X 6 H E D E L  = t  E l  5 .8 ,5X4HEN = r  E15 e 8  rSX7HU?&TOT = 9 
1 7 3  C O N T I N U E  
1 7 4  END 
1 6 3  FORMAT ( 2X6HTRAT =1E15 .8 ,5X7HMU(  0) = r  E 1 5 . 8 r 5 X l O H R E N O  ( V U  ) = * E  1 5  -8 r 5 X  
= p  E l  5 8 9 5 x 6  HFMAX =, E l  5 - 8  1 
1 7 2  1E15 .8  1 
JPL TECHMCAL REPORT 32- 1353 33 
111. Output Data from Net Thrust Prediction Program 
I N L E T  PRESSURE = 15.000 ( L B S / I N L )  
V A L V E  O R I F I C E  D I S C H A R G E  C O E F F I C I E N T  = 0 3 4 7 8  
B A L L  TRAVEL = ,00850 ( I N )  
N O Z Z L E  GEOMETRIC AREA R A T I O  = 260.511 
I N L E T  GAS TEMPERATURE = 25.0 ( D E G  C )  
N O Z Z L E  HALF-ANGLE = 25.0 I D E G )  
N I T R O G E N  P R O P E L L A N T  
V A L V E  O R I F I C E  E F F E C T I V E  AREA = . 0 0 2 5 0  L I N Z )  
V A L V E  S E A T  AREA = -01368 ( I N 2 1  
N E T  THRUST N O Z Z L E  V A L V E  THRUST RE I GYT E X I T  HACH 
( L B S )  THROAT PRESSURE L O S S E S  FLOWRATE NUMBER 
D I A M E T E R  DROP ( P E R  C E N T )  ( L B S / S E C )  
[IN) ( L B S / I N 2 )  
o 7 . 3 2 6 8 0 4 1 E - 0 2  o01130 - 0 4 6 5  14.29 0 3 3 8 5 9 5 8 8 E - 0 1  6.600 
I N L E T  PRESSURE = 15.000 ( L B S / I N 2 )  
V A L V E  O R I F I C E  D I S C H A R G E  C O E F F I C I E N T  = 03478 
B A L L  T R A V E L  = e 0 0 8 5 0  ( I N )  
N O Z Z L E  GEOMETRIC AREA R A T I O  = 2 6 0 . 5 1 1  
N O Z Z L E  HALF-ANGLE = 2 5 0 0  (DEG)  
I N L E T  GAS TEMPERATURE = 25.0 ( D E G  C )  
N I T R O G E N  P R O P E L L A N T  
V A L V E  O R I F I C E  E F F E C T I V E  AREA = . 0 0 2 5 0  ( I N 2 1  
U A L V E  SEAT AREA = 0 0 1 3 6 8  ( I N 2 )  
NET THRUST N O Z Z L E  VALVE THRUST WEIGHT E X I T  H A C H  
( LBS 1 THROAT PRESSURE LOSSES F LOWRATE ;JU MB ER 
D I A M E T E R  DROP ( P E R  CENT) (t.BS/SEC 1 
( I N )  ( L B S / I N 2 )  
3 9 8 8 7 4 0 9 E - 0 2  .0147 I - 1 3 2 5  12.68 0 5 6 9 7 L 1 3 1 E - 0 4  6.750 
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Appendix D 
5 
6 
7 
8 
9 
10 
List of Prints of Parametric Plot Series 
Vdve pressure rztio 
Flow rate versiu chamber pressure ratio 
Flow rate ratio versus temperature 
Net thrust versus pressure ratic? 
Net thrust versus inict pressure 
Net thrust versus nozzle are2 ratio 
This appendix contains the Fortran list prints pro- 
grammed for the IBM 1620 computer and the IBM 1627 
plotter for the folIowing figures: 
The list phts  are in the order given above. Also, out- 
put data used in plotting each curve are summarized at 
the end of each list print. 
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1. List Print for Fig. 5 
GAMMA=1.401 
P 1 = 3 . 1 4 1 6  
R E A D  1 t AOCRMN? AOCRMX,AOCRLN*AOCRIC, PRATMN ( P R A T Y X t  P R A T L N  t P R A T I C  
R E A D  Z ~ D X , D Y , D L X , D L Y , D L T * D P ~ X S F I Y S F  
1 FORMAT(2F1~.7~F5.1,FlO~7,2F5.3,F5~l~F5e3) 
2 FORMAT (6F5 192F 10 1 ) 
XMIN=AOCRMN 
XMAX =AOCRMX 
XLEN=AOCRLN 
X I N C  -AOC R I C 
Y M I N S P R A T M N  
YMAX=PRATMX 
Y L E N = P R A T L N  
Y I N C  =PRAT I C 
X L  ( 1) =XM I N * X S F  
Y L ( l ) = Y M I N * Y S F  
YPOSX=YMIN-( .Z*YINC)  
D I M E N S I O N  X L ( 6 i , Y L ( 8 )  
XPOSX=XM IN-(  ( OX/,?. *e l * X  I N C  
XPOSY=XM I N - (  ( DY+ 1 e 1 * e  1 * X I  NC 
YPOSY=YMIN-( .05*YINC)  
C A L L  P L O T ( J . O l , X M I N , X M A X , X L E N , X I @ C ,  ' !<IN,YMAX,YLEN,YINC) 
DO 1000 I C A N = l r 5  
DO 1001 JCAN=1,7 
LOO0 XL(ICAN+l)=XL(ICAN)+(XINC*XSF) 
L 00 1 Y L I Jcar\r+i I.=Y L ( JCAN) + ( Y I N C ~ Y  s F 
DL=O. 
DO 4 ICAN=1,6  
C A L L  CHAR( l ,O. l ,O,XL( ICAb! ) )  
C A L L  PLOT(9OriXPOSX+(DL*X1NC)),YPOSX) 
3 FORMAT(F6.3) 
4 D L = D L + l .  
DL=Oo 
DO 6 J C A N S l r 8  
C A L L  P L O T ( 9 0 r X P O S Y ,  ( Y P O S Y + ( D L * Y I N C )  1 )  
C A L L  C H A R ( l , Q . l r O t Y L ( J C A N ) )  
5 FORMAT ( F6.3.) 
6 DL=DL+l .  
C A L L  
C A L L  C H A R 1 0 , O . l r O )  
PL 'OT(90,  ( X M I N + (  . 5 * X I N C )  1 ,  (YMAX+(  l * Y I N C  1 )  
7 F O R M A T ( 1 9 H N I T R O G E N  P R O P E L L A N T )  
C A L L  P L O T  (90 ( X M I  N+ ( (XMAX-XM I N - (  D L X *  1*X I N C  1 1 / 2  1 ) , (YM IN-( .5*Y I M C  1 
1 ) )  
C A L L  CHAR ( O t 0 . 1 ~ 0  ) 
8 F O R M A T ( 6 H A O  C R )  
C A L L  P L O T ( 9 0 ,  ( X M I N + (  ( X M A X - X M I N - ( D L T * , Z * X I N C )  )/.?e 1 1 ,  (YMAX+(  ( ( . 2 * D P )  
1 + . 3 ) * Y I N C ) ) )  
C A L L  CHAR ( 0 , O . Z t O  1 
9 F O R M A T ( 2 O H V A L V E  PRESSURE R A T I O )  
C A L L  PLOT (90 9 ( X M I  Ne(  ( D Y + 2 o  1 *e l * X  I N C  1 ,  ( Y M I N +  (YMAX-YM I N - (  LILY*. L*Y I N  
l C ) ) / Z .  1 )  
C A L L  C H A R ( O t O . l t 1 )  
FGAM=(GAMMA+l.  ) / ( G A M M A - l .  1 
151=10 
N 2 = 5 O  
F L O N 2 = N 2  
10 F O R M A T ( S H P C / P O )  
DO 3 5  I = l , i J l  
READ 11,DT 
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11 
1 2  
1 3  
14 
1 5  
16  
1 7  
1 8  
19 
F O R M A T ( F 1 0 . 5 )  
A T = P I * (  (DT/2.1*:'2.) 
P R I N T  1 Z t D T  
P R I N T  1 3 t A T  
F O R M A T ( 5 X 2 5 H N O Z Z L E  THROAT A R E A ( I N 2 )  =9F9.7) 
F O R M A T ( l H 1 , 4 X 2 9 H N O Z Z L E  THROAT D I A M E T E R (  IN.)  =7F7.4) 
P R I N T  14 
F O R M A T ( 5 X 1 9 H N I T R O G E N  P R O P E L L A N T )  
P R I N T  15  
FORMAT ( / /  1 
P R I N T  16 
P R I N T  17 
P R I N T  18 
F O R M A T ( Z X 2 4 H V A L V E  CHAMBER PRESSURE , 5 X 1 5 H E F F E C T I V E  V A L V E )  
FORMAT(3XZOHVALVE I N L E T  P R E S S U R E t 9 X l Z H O R I F I C E  AREA)  
FORMAT(1OX7H(PC/PO)~l6XlOH(AOCR-IN2~~/~ 
AOC R= 000 1 
PRAT I T = . 9 5  
DO 34 J = l 7 N 2  
M A X 1 = 2 0  
I N = O  
P R A T = P R A T I T  
E P S 1 = . 0 0 1  
CPC=(  (GAMMA-1 ) /2 .  I * (  ( A T / A O C R  )*%'2)*( (2. / ( G A M M A + l  ) 1 **FGAM) 
F P R A T =  (PRAT** (  2.-( 2.*GAMMA) 1 /GAMMA) PRAT**  ( ( 1m-GAMFIA) /GAMMA 11-C 
1 PC 
I N = I N + l  
D F P R A T = ( ( ( 2 . - ( 2 . * G A M M A ) ) / G A M M A ) * ( P R A T * * ( ( 2 . - ( 3 . * G A M M A ) ) / G A ~ l M A ) ) ) - (  
l ( ( l . - G A M M A ) / G A M M A ) * ( P R A T * * ( ( 1 . - ( 2 . * G A M M A )  ) / G A M M A ) ) )  
PRATNzPRAT-  ( F PRAT/  OF PRAT 1 
I F ( SENSE 
FORMAT ( Z X 7 H F P R A T  = 7 E l  5.8 9 5 X 8 H D F  PRAT 
S W I TCH 2 1 20 9 22 
20 P R I N T  21,FPRATtDFPRATfPRATN,INtCPC 
2 1 
-2 IF(ABSF(PRATN-PRAT)-EPSl)26,26t23 
= 9 E l  5.8 9 5 X 7  HPRATN = r E  15.8 7 5 X 4 H  
? I N  = t  I 4 r 5 X 5 H C P C  = 7  E15.8 1 
23 P R A T Z P R A T N  
I F ( M A X l - I N ) 2 4 7 2 4 9  19 
24 P R I N T  25 ,PRAT 
25 F O R M A T ( 2 X 2 4 H I T E R A T I O N  L I M I T  E X C E E O E D t 5 X l l H P R A T ( D I V )  = r E 1 5 . 8 )  
PAUSE 
26 PRAT=PRATN 
P R I N T  2 7 t P R A T t A O C R  
27 F O R M A T ( S X , F ~ ~ ~ ~ ~ ~ X I F ~ . ~ )  
I F  (?RAT-PRATMN) 337 339 28 
28 I F ( P R A T M X - P R A T ) 3 3 , 3 3 ( 2 9  
29 IF ( 1-1 1 3 2  9-30? 3 2  
30 I F ( J - 2 ) 3 2 , 3 1 ~ 3 2  
31 PAUSE 
32 C A L L  PLOT(90,AOCR,PRAT) 
33 A O C ~ = A O C R + ( ( A O C R M X - A O C R M N ) / F L O N 2 )  
34 C O N T I N U E  
35 C O N T I N U E  
C A L L  PLOT (99  1 
END 
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II. Output Data for Fig. 5 
38 
NOZZLE THROAT DIAMETER~IN.) = -0050 
NOZZLE THROAT A R E A I I N 2 )  = .OOOOl96 
N I T  ROGEN PROPELLANT 
VALVE CHAMBER PRESSURE 
VALVE I N L E T  PRESSURE 
( PC/PO 1 
099103 
.99774 
.99899 
8 99943 
-99963 
099974 
-99981 
099985 
0 99988 
099990 
-99992 
099993 
099994 
099995‘ 
099995 
99996 
-99996 
099997 
099997 
.99997 
.5’997 
.99998 
99998 
099998 
.99998 
099998 
*99998 
099998 
w99998 
.<9999 
099999 
.‘I9999 
.9 9 9 9 9 
-99999 
099999 
099999 
0 99999 
.99999 
099999 
099999 
e.99999 
099999 
099999 
0 99999 
.99999 
.99999 
.99999 
0 99999 
e99999 
99999 
EFFECTIVE VALVE 
O R I F I C E  AREA 
( AOCR- I N 2  1 
.q001 
,0002 
moo03 
0 004 
-0005 
-0006 
-0007 
-0008 
.0009 
-0010 
.0@11 
.0012 
-0013 
e0014 
-0015 
-0016 
-0017 
00018 
.0019 
-0020 
-0021 
’ 00022 
-6023 
-0024 
00025 
-0026 
00027 
-0028 
00 29 
00030 
-0031 
00032 
-0033 
00034 
-0035 
00036 
00037 
00038 
e0039 
0 040 
00041 
-0042 
00 43 
,0044 
moo45 
00046 
00’47 
e0048 
-0049 
e0050 
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NOZZCfi THROAT D I A M E T E R ( I N . 1  = 00100 
NOZZLE THROAT A R E A ( I N 2 )  c e0000785 
NITROGEN PROPELLANT 
VALVE 'CHAMBER PRESSURE 
VALVE I N L E T  PRESSURE 
': (PC/PO)  
087245 
e96500 
-98416 
099103 
99424 
099599 
099705 
.99774 
e99821 
099855 
099880 
-99899 
099914 
e99926 
.99935 
.99943 
.99949 
.99955 
.99959 
-99963 
.99967 
e99970 
-99972 
.99974 
e99976 
.99978 
e99980 
e99981 
-99982 
.99983 
099984 
099985 
-99986 
.99987 
.99988 
e99988 
.99989 
,99989 
099990 
99990 
9999 1 
a99991 
-99992 
-99992 
-99992 
.99993 ' 
099993 
.99993 
.99993 
099994 
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EFFECTIVE VALVE 
O R I F I C E  AREA 
(AOCR-IN21 
.ooo 1 
b 0 002 
,00003 
-0004 
00005 
e0006 
-0007 
-0008 
00009 
.0010 
00011 
,0012 
e0013 
0001 h 
e0015 
0 0 0 1 6  
-0017 
.0018 
e0019 
bo020 
* 00-2 1 
.0022 
e0023 
.002Lt 
e0025 
e0026 
e0027 
-0028 
-0029 
-0030 
-0031 
.GO32 
00 33 
- 0 0 3 4  
-0035 
-0036 
-0037 
e0038 
00 39 
00040 
-0041 
0 042 
s 00 43 
.0 044 
i o 0 4 5  
-0046 
e0047 
-0048 
00 49 
. O O > i  
39 
40 
NOZZLE THROAT D I A M E T E R ( 1 N . I  = e0150 
N O Z Z L E  THROAT A R E A ( I N 2 ) .  = e0001767 
N I T R O G E N  PROPEI.LANT 
V A L V E  CHAMBER PRESSURE 
V A L V E  I N L E T  PRESSURE 
( P C / P O )  
e56425 
.84350 
e92433 
e95609 
-9.7 147 
.980rJ3 
e98525 
-98867 
-99103 
-99272 
.99398 
099493 
,99568 
-99627 
D 99675 
m99714 
.99747 
.'99774 
099797 
-99817 
-99834 
.998'5 
0998"l 
-99872 
.998az 
-99891 
-99899 
e99906 
e99912 
-99918 
-99923 
m99928 
e39932 
a99936 
e99940 
.99943 
e99946 
.99949 
e9995 1 
.99954 
-99956 
.99958 
e99960 
99962 
e99963 
e99965 
e99966 
e99968 
.93369 
-999.70 
E F F E C T I V E  VALVE 
O R I F I C E  AREA 
( A O C R - I N 2 1  
.ooo 1 
.0002 
e0003 
e0004 
-0005 
e0006 
-0007 
.oooe 
a0009 
.0010 
.0011 
.0012 
-0013 
e0914 
-0015 
-0016 
-0017 
.0018 
-0019 
.0020 
"0021 
.0022 
e0023 
,0024 
e0025 
e0026 
a0'027 
.0028 
e0029 
.0030 
e0031 
-0032 
(50 33 
-0034 
-0035 
e0036 
~ 0 0 3 7  
a0038 
-00 39 
0 040 
00 41 
0 042 
00 43 
0 044 
.p045 
,0046 
e0047 
00048 
00049 
.0050 
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N U Z Z L E  THROAT D I A M E T E R I I N . )  = e03110 
N O Z Z L E  THROAT A R E A ( I N 2 )  = .0003141 
N I T R O G E N  P R O P E L L A h T  
.VALVE CHAMBER PRESSURE 
V A L V E  I N L E T  PRESSURE 
-52364 
e79238 
087245 
-91473 
-93932 
.95474 
e96500 
097216 
097733 
098120 
e90416 
-98647 
090831 
.98980 
099103 
e99204 
-99290 
a99362 
099424 
.99477 
099523 
-99564 
099599 
e99630 
099658 
099663 
99705 
-99725 
.99743 
e 9975 9 
.99774 
099767 
099800 
a99811 
-99821 
a99831 
e99839’ 
.99848 
e 99855 
099862 
e99868 
.9987/+ 
99880 
099885 
.99890 
099899 
99403 
a99907 
b99895 
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E FF f CT I V E ..‘4 L VE 
O R I F I C E  AREA 
(AOCR- I N 2  1 
.0001 
.0002 
-0004 
.0005 
e0006 
e0007 
.0009 
a0009 
.0010 
.0011 
.0012 
000 13 
r001- t  
m0015 
r0016 
.0017 
.0018 
r O O  19 
.0020 
r0021 
.0022 
r0072 
eCd24 
.oo 25 
-0026 
-0027 
-0028 
-0029 
.0030 
e0031 
00032 
09033 
-0034 
-0035 
-0036 
-0037 
-0038 
W O O  39 
a0040 
e0041 
,0042 
00 43 
-0044 
-0045 
.0n45 
e0047 
e0048 
00 49 
a0050 
,3003 
41 
..'LE TYROAT D I A M E T E R 4 I N - I  = 07250 
. .'-E TVROAT AREAC-tN2' 00004908 
I GGEN PROPELLANT 
VALVE CHAMBER PRESSURE 
VALVE I N L E T  PRESSURE 
3 9 0 3 8- 
06034" 
7340L 
e81316 
086298 
-89582 
-91838 
093447 
- 9 4 6 3 ~  
095523 
e96223 
696756 
-97191 
9 7545 
097836 
093079 
098283 
-99456 
-98605 
-98733 
-98844 
os8442 
P '  37 
, Y , 
e9'>1-/9 
099230 
e99283 
-99332 
-99375 
9?/+15 
-99450 
e99483 
-99513 
-99540 
e99565 
-99588 
-99610 
m99629 
-99647 
e99664 
e.9 96 3 0 
-99695 
e99708 
-99721 
.99733 
.09744 
e99755 
e99765 
.99774 
42 
EFFECTIVE VALVE 
O R I F I C E  AREA 
(ACCR- IK2)  
.0.002 
-0003 
OOL '4  
e0005 
00006 
00007 
-0008 
moo09 
000 10 
-0011 
.0012 
-0013 
00014 
-0015 
00016 
e0017 
00018 
00019 
0 00 20 
000?1 
00 22 
00023 
-0024 
00025 
-0026 
00027 
-0028 
00029  
00030 
a0031 
e0032 
00033 
e0034 
-0035 
00036 
-0037 
eC038 
-0039 
03040 
e0041 
00 42 
-0043 
-0044 
e0045 
-0046 
-0047 
.004a 
-0049  
.0050 
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N0ZZL.E THi?OAT D I A H E T E R ( 1 h o )  = 00300 
NOZZLE THROAT A R E A ( I N 2 )  = 00007068 
NITROGEN PROPELLANT 
VALVE CHAMBER PRESSURE 
VALVE INLET PRESSURE 
(PC/PO) 
m41178 
-56425 
067343 
-75003 
080430 
084350 
87245 
-89431 
-91114 
-92433 
.93485 
094335 
-95031 
-95609 
-96092 
a96500 
096846 
.97147 
097456 
-97631 
m97829 
098003 
.. $9156 
e98293 
-96416 
-98325 
,98624 
098713 
098794 
-98867 
-98934 
098995 
,99051 
099103 
e99150 
99 194 
,99234 
-99272 
a99307 
.99339 
e99369 
e99398 
e99424 
99448 
099472 
.99493 
-99514 
r99533 
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F- i -ECTIVE VALVE 
O R I F I C E  AREA 
( AOC R- I N2 1 
e0003 
-0004 
00005 
-0006 
00007 
00068 
-0009 
00010 
.0011 
.0012 
00013 
e0014 
00015 
-0016 
00017 
-0018 
00019 
0 00 20 
.0021 
00022 
-0023 
00024 
-0925 
-0026 
e0027 
a0028 
00029 
-0030 
mO031 
00 32 
.OF33 
.@034 
bo035 
00036 
-0037 
-0038 
e0039 
moo40 
-0041 
0004Z 
-0053 
00044 
.COG5 
a3046 
-0047 
eOC48 
.0044 
~ 0 0 5 0  
43 
NOZZLE THROAT D I A Y E T E R I I N . )  = -0350 
NOZZLE TliROAT A R E A 1 I N Z )  .0009621 
NITROGEN PROPELLANT 
VALVE CHAMBER PRESSURE 
VALVE I N L E T  PRESSURE 
( P C I F O  
051950 
e61350 
.6a6io 
-74203 
078538 
8 1932 
084620 
,86774 
,sa522 
m89956 
091144 
-92138 
-92977 
-93691 
-94304 
94832 
-95292 
-95693 
-96046 
,96358 
-96634 
096881 
-97101 
m97300 
097478 
097t.40 
097787 
-97920 
098042 
-98254 
-98256 
b98350 
-98637 
098517 
e98591 
098659 
a98723 
098783 
-98838 
-98890 
m98038 
-98983 
-99026 
-99065 
099103 
-99138 
44 
E F F E C T I V E  VALVE 
O R I F I C E  AREA 
(AOCR-INZ) 
-0005 
.0006 
e0007 
00008 
00009 
.0010 
.0011 
00013 
.OGi-’i 
00015 
-0016 
.0017 
-0018 
.0019 
.0020 
.0021 
.0c22 
e0023 
,0024 
00025 
-0026 
-0027 
-0028 
00029 
00030 
,0031 
.n012 
.n032 
m0033 
e0034 
00035 
-0036 
-0037 
e0038 
00 39 
0 040 
-00 41 
0 042 
00043 
0 044 
-0045 
e0046 
-0047 
-0G48 
00049 
e0050 
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I W Z Z L ~  THROAT DIAP~ETEK(IN.)  = .04m 
NOZZLE THROAT A R f A ( I N 2 i  = .(I012566 
NITROGEN PKUPELLANT 
VI\LVE CHAHBER PRESSURE 
VALVE INLL-T PRESSIJRE 
(PC/PO 1 
37808 
.47445 
e55608 
e62364 
-67905 
.77a41 
8 76165 
-79238 
e61790 
.83?24 
.85721 
e87245 
.885L-7 
.a9665 
e90632 
-9lL.73 
-92209 
.92855 
e93426 
-93932 
-94383 
-94786 
095148 
.95474 
e95769 
e96036 
a96279 
-96500 
-96703 
,96888 
e97059 
-97216 
e97360 
,97494 
e97618 
097733 
.9794" 
m98033 
e98120 
m98201 
09'1277 
-98349 
-98416 
099479 
e98538 
897840 
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EFFECTIVE VALVE 
O R I F I C E  AREA 
(AOCR-IN21 
.(IO05 
.OOM 
.nom 
.n009 
.0007 
.oo 10 
.0011 
. 0 0 ? 2  
.Or113 
.00 14 
-0016 
,0017 
.0013 
.0019 
.oo 20 
.0021 
.00 22 
002 3 
-00 24 
.0025 
.n015 
.OO 76 
-0027 
.0028 
,0029 
.OO 30 
-0031 
.0032 
e0033 
e0034 
e0035 
a0036 
e0037 
e0038 
-0033 
.0040 
-0041 
00 42 
eC043 
-0044 
50045 
-0046 
-0047 
.004a 
.O 049 
00 50 
45 
NOZZLE THRGAT DIAMETER ( I N .  ) = 00450 
NOZZLE THROAT A R E A ( I N 2 )  = 00015904 
NITROGEN PROPELLANT 
VALVE CHAMBER PRESSURE 
VALVE INLET PRESSURE 
f PC/PO 1 
043103 
050227 
056425 
061755 
066312 
070202 
-73526 
76372 
e78818 
080929 
082758 
84350 
085742 
e86963 
-88041 
a88995 
.89843 
090599 
091276 
-91885 
092433 
-92929 
.93379 
e93788 
094161 
94502 
-94814 
095101 
.95365 
95609 
e95834 
-96042 
096235 
096415 
096582 
,96738 
e 36884 
-97020 
- 97 147 
-97267 
.97379 
097485 
097584 
e97678 
EFFECT I VE VALVE 
O R I F I C E  AREA 
:AOCR-IN2) 
-0007 
0 0 008 
.0009 
00010 
00011 
00012 
-0013 
00014 
00015 
-0016  
-0017 
.on18 
00 19 
00020 
00021 
-0022 
-0023 
00024 
-0025 
e0026 
00027 
00028 
-0029 
00030 
00031 
-0032 
,0033 
00034 
-0035 
00036 
00037 
e0038 
-0039 
0 040 
00041 
e 0 042 
e0043 
-0044  
-0045 
e0046 
r0047 
-0048 
-0049 
-0050 
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NOZZLE THROAT DIAMETER( IN .1  = 00500 
NOZZLE THROAT A R E A ( I N 2 )  = .0019635 
NITROGEN PROPELLANT 
VALVE CHAMBER PRESSURE 
VALVE I N L E T  PRESSURE 
(PC/PO)  
045264 
e50888 
e55904 
-60345 
.64259 
e67704 
e70734 
73402 
.75755 
77835 
-79678 
-81316 
-82775 
84079 
.e5248 
.a6298 
.salol 
.a8877 
087245 
89582 
-90224 
e90810 
a91346 
-91838 
e92291 
e92707 
~93092 
.?I3447 
-93776 
e94082 
-94366 
-94630 
-94876 
e95106 
o .‘5322 
e95523 
e95712 
.95889 
-96056 
m96213 
9636 1 
-96500 
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E F F E C T I V E  VALVE 
O R I F I C E  AREA 
(AOCR- INPI  
.c009 
00010 
.0011 
00012 
-0013 
00014 
-0015 
e0016 
-0017 
o 001 8 
.OO 19 
.0020 
e0021 
.0022 
.0023 
.e074 
m0025 
-0026 
e0027 
00028 
-0029 
a0030 
00031 
.0032 
00033 
-0034 
,0035 
-0036 
-0037 
a0038 
e0039 
.O 040 
.no 41 
0 042 
00 43 
.o Oh* 
-0045 
e0046 
00 47 
.004a 
e0049 
e0050 
47 
111. List Print for Fig. 6 
R = 5 5 . 1 6 * 1 2 .  
G@=3 86 06 77 
~r1=25. 
T R = ( 9 . * T 0 / 5 . ) + 4 9 1 . 6 9  
SAMMA=1.401 
P I = 3 . 1 4 1 6  
AOCRCX= .OO50 
A OC R W N =’e 0 0 0 5 
D I M E N S  ICid 
R t A D  
RE AD 
READ 3 DX ,DY DLX, D L Y  t D L T  DP, XSF, Y S F  
D T (  19 1 ,WOPO( 19910 1 ,  PRAT ( 1 9 ~ 1 0 )  ,WOPOA ( 19 10) 
1, ( D T ( L )  ,L= l ,  19 1 
2 9 P RA TMN , PR A T MX , P R A T  LN , PR A T  I C  1 FORMAT (5F10.7) W 0 POMN 9 W I? PONX L.lO POL N L*fO PO I C 
2 F O R M A T ( 8 F l O . S )  
3 FORMAT(6F5.1 ,2F10.1)  
XMIN=PRATMN 
XMAX=PRATMX 
X L  EN = P R A T L N  
X I N C = P R A T T C  
YM IN=WOPOMN 
Y M AX =I4 0 POM X 
Y 1- EN =VI 0 POL N 
Y INC=WOPOIC 
X 1. ( 1 1 = XM I N*X S F 
Y L  ( 1 ! = Y M I N * Y S F  
D I M E N S I O N  X L ( 6 ) , Y L ( 8 )  
XPOSX=XMIN-(  ( D X / 2 .  ) * . l *X Ih !C)  
YPOSX=YMIN-( .2*YINC)  
XPOSY=XM IN-(  ( DY+.l. 
Y P O S Y = Y M I N - ( . 0 5 * Y I N C )  
C A L L  P L O T  ( 10 1 X M.1 FI X MA X 9 X L E N  X I NC 
DO 1000 I C A N = 1 9 5  
DO 1001 J C A N = l  , 7 
* e  l * X  I NC 
YM I N  Y M A X 9 Y L E N  t Y I NC 1 
1000 XLlJCAN+l)=XL(ICAN)+(XINC*XSF) 
1001 Y L  ( J C A N + l  ) = Y L (  J C A N )  + (  Y I N C z c Y S F )  
DL=0 0 
DO 5 I C A N z 1 9 6  
C A L L  P L O T ( 9 0 ,  i X P O S X + ( D L * X I N C )  1 t Y P O S X )  
C A L L  C H A R ( l r O . ? v O , X L ( I C A N ) )  
4 F O R M A T l F 5 . 2 )  
5 D L = D L + l .  
GL=O. 
DO 7 J C A N z 1 9 8  
C A L L  PLOT(~O,X~OSYP(YPOSY+(DL*YINC))) 
C A L L  C H A R I l , O . l , O , Y L ( J C A N ) )  
6 FORMAT (F4 .0  ) 
7 D L = D L + l .  
C A L L  P L O T  (90, ( X M I N + (  .5*XINC 1 1 ,  (YMAX+ ( . l * Y I N C  1 )  1 
C A L L  C H A R ( l , O . l ~ O , T O )  
C A L L  
C A L L  CHAR (0~0 .190  1 
8 F O R M A T ( 2 3 H G A S  I N L E T  TEMPERATUXE =, F5.1., l X l H C  1 
P L 0 7 ( 9 O t ( X M I N + ( e 5 * X I N C )  1 ,  ( Y M A X * (  . 3 * Y I N C )  1 )  
9 FORMAT(  1 9 H N I T R O G E N  P R O P E L L A N T )  
C A L L  P L C T ‘ ” ” , I X M I N + (  (XMAX-XMIN-(DLX*.l;XINC) I / ? *  ( Y i l l I N - ( . 5 * Y I N C )  
C A L L  C H A k  ,;,0.1~0) 
1 ) )  
10 F O R M A T ( 5 F b C / P O )  
C A L L . P L O T ( 9 0 , ( X M I N + ( ( X M A Y - A M I N - . ( D L T * . 2 * X I N C )  i / 2 .  ) I t  ( Y M A X t ( ( ( . 2 6 \ 0 P )  
1 + . 3 ) * Y I N C ) ) )  
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C A L L  C H A R ( 0 , 0 . 2 ~ 0 1  
C A L L 
11 FORMAT( 28HFLOWRATE V S  CHANBER PRFSSURE)  
P LOT ( 9 0 9 ( X M I N- ( ( DY + 2 'F 1 * X i NC 9 ( Y i4 i N+ ( Y Y AX -YM i N- ( D 1 Y zt 1 *Y I N  
1c ) /2 . )  
C A L L  C H A R ( O , O . l r l )  
1 2  
1 3  
14 
1 5  
16  
1 7  
18 
19 
20 
FORMAT ( 15H l?  i 2 5  C /PO X 10 1 
FGAM=(GAMMA+l .  ) / ( G A M Y A - l .  
N 1 = 1 9  
N2=10 
N 3  = N 2 - 1 
F L O N 3  = N 3 
L = l  
DO 3 1  I = l , N l  
A T = P I * ( ( D T f L ) / 2 . ) ~ ' * 2 )  
P R I N T  1 3  
FORMAT ( / / / /  
P R I N T  1 4 , D T (  L! 
FORMAT( ~ H ~ T ~ X ~ ~ H N O Z Z L E  THROAT D I / ? M E T E K (  IN . )  = ~ F 7 . 4 )  
P R I N T  15 ,AT  
k O R M A T ( 5 X 2 5 H N O Z Z L E  THROET A R E A ( I N 2 )  =yF9.7) 
P R I N T  16  
F O K M A T ( 5 X 1 9 H N I T R O G E N  P R O P E L L A N T )  
P R l N T  17 
FORMAr ( / /  
P R I N T  1 8  
FORMAT( 1 0 X 8 H W O D O T / P O ~  ~ ~ X ~ H # T D O T / P ~ T ~ ~ X ~ H P C / P O ~ ~ ~ X ~ H A O ~ ~ C R  
P R I N T  19  
FORMAT( 1 0 X 9 H  ( I N 2 / S E C )  7 l l X 9 H (  I N Z / S E C )  9 3 2 X 5 H (  IN2 
A OC R = A O C R M N 
PRAT I T = . 9 5  
9 / 
DO 29 J Z 1 9 N 2  
PIAX1=20 
I N=O 
P R A T ( I t J ) = P R A T I T  
EPS1- .a01 
CPC= ( (GAMMA-1.1 /2. ) *  ( (AT 'AOCR 1 **'2)::( (2. / (GAMMA+l  1 )  **FGAM 
FPRAT= ( P R A T (  I T J  I*'*( (2.-( 2.GGAMMA) /GAMMA) ) - ( P K 4 T  ! I OJ ** ( ( l.-GAMMA) 
l / G A M M A )  ) -CPC 
1) 
DFPRAT= ( ( ( 2.-( 2. *GAMMA 1 )  /GAMMA *( PRAT ( I ,  J I*'*( (' . - (3e*GAMMA) /GAMMA 
I - (  ( ( le-GAMMA) /GAMMA)* (  P R A T (  I T  & I ) * * (  (1.-(2 .*GAMMA 1 )  /GAMMA) 1 )  
I N = I N + l  
P R A T N = P R A T ( I , J ) - ( F P R A T / D F P R A T )  
I F ( S E N S E  S W I T C H  2)21,23 
2 1  P R I N T  Z ~ , F P R A T T D F P R A T , P R A T N ~ C P C ~ I W  
22 FORMAT ( 2 X 7 I i F P R A T  = T  E 1 5  e 8 9  5 X 8 H D F P R A T  = T  E 1 5  .C pSX7HPP,ATN =,E 1 5 s  dT 5 X 5 H  
23 I F ( A B S F  (PRAt l \ l -PRA I'( I T J )  ) - E P S l  27924 
24 PRAT I t J )=PRATN 
25  P R I N T  2 6 , P R A T : I q J )  
26  FORMAT ( 2 X 2 4 H  I TERAT I ON L I M I T  EXCEEDED 9 5 x 1  1 HPRAT ( D I V  1 = ,E 15 e 8  1 
PAUS': 
27  PRP I' ( I  9 J ) = P R A T N  
W9PO ( I ,  J )=40CR*(Pf ' .AT(  I T J)**( l . /GAMMA) ):gSQRTF ( (2.  * G O / ( R * T R )  )* (GAMMA 
W T P O = P R A T ( I , J ) * A T * S Q R T F (  (GAMMA*GO/(;.*+TR) ) * (  (2. / (GAMMA+l .  ) ) * * F G A M )  1 
WOPOA( I t J ) = W O P O (  1 9  J )  / (  . 1 E 7 )  
l C P C  = r E 1 5 . 8 9 5 X 4 H I I J  = t  I 5  
I F (MAX 1- IN 2 5 9 2 5  9 20 
l / ( G A M M A - l .  
1 * ( . 1 E 7 )  
I * (  l . - ( P R A T ( I T J ) * * i  (GAMMd- I .  ) /GAMMA)  1 )  ) * ( e  1 E 7 )  
W T P O A = W T P O / ( . l E i )  
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. 
28  FORMAT(SX~E15.8rSX,fl5.8~5X~E15.8~5X~El5.8) 
' PR I N f  28; WOPOAI I ,  J 1, WTPOAr PRAT( 1, J 1 , b O C f f  - - ~  
AOCR=AOCR+((AOCRMX-AOCRMN!/FLON3) 
2 9  CONTINUE 
3 0 ' L = L + 1  . 
3 1  CONTINUE 
I F ( L-N 1 1 3 0  3 1 9 3 1 , 
DO 4 0  J = l * N 2  
DO 39 I = l t N l  
IFIPRAT(I,J)-PRATflN)39r32,32,32 
3 2 .  IFIPIRATMX-PRAT!ItJ))39r33?33 
3 4  IF(WGPOMX-WOPO(IiJ))39,35,35 
35 I F ( I - 2 ) 3 8 , 3 6 , 3 8  
3 6  I F (  J ' l I 3 8 9 3 7 9 3 8  
3 9  CALL PLOT (9O,PRAT(  I ?  J 1 ,WOPO( 1, J 1 ) 
33 iF(WOPO(I,J)-WOPOMN)39,34~34 
37 PAUSE 
3 9  ZONTINUE 
40 CONTINUE 
CALL P L O T ( 9 9 )  
END 
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IV. Output Data for Fig. 6 
NOZZLE THROAT D I A M E T E R  (IN. 1 = o f . 0 5 0  
NOZZLE THROAT AREA(IN2) = .0000196 
N I T  ROGEN PROPEL LAN T 
WODOT/ PO WTDOT/ PO 
(IN2/SEC) (IN2/SEC) 
44315 664E-06 
-44345646E-06 
e44325827E-06 
44 773 8 04 E-06 
44646 591E-06 
-445 19088E-06 
.4523?+289E-06 
-45447678E-06 
m447 10 744E-06 
e45697694E-06 
443 16816E-06 
e 443 2 8.8 3 0 E-0 6 
4433 10 56 E-06 
*&&331826E-06 
.332194€-06 
9 14 3 32 39 3 E-0 6 
44332 506E-06 
44332 5 74E-0 6 
-44332635E-06 
44332666E-0 6 
NOZZLE THROAT DIAMETER(IN.) = .0075 
NOZZLE THROAT AREA(IN2) = .0000441 
N I T  RUG EN PRO PE LLANT 
WODOT/PO WTDOT/ PO 
(INE/SEC) ( I N Z / S E C )  
-99570737E-06 
m9.9 7 444 0 2 E -06 
e99791032E-06 
99 8 06 8 8 6 E-06 
e99828853E-06 
a99887463E-06 
10022992E-05 
.10041977E-05 
100741066-05 
10030702E-05 
99566527E-06 
99 70 32 19E-0 6 
9972 8 5 66 E-06 
99 73 74 5 5 E-0 h 
99741582E-06 
99 7438005-96 
997451 43 E-06 
-99746012E-06 
99746608E-06 
e 99 747055E-06 
NOZZLE THROAT DIAMETER!!N. 1 = .0100 
NOZZLE THROAT AREA(IN2) = .Q1)33’a> 
NITROGEN PROPELLANT 
W ODOT 1 PO 
( IN2r  5EC) 
17631781E-05 
B 17708268E-05 
17722703E-05 
17726265E-05 
17735935E-05 
17728805E-05 
17756622E-05 
17738258E-05 
17754008E-05 
017804832E-05 
WT 0 OT / 0 
( I N P / S E C  1 
e1763 1054E-05 
17707509E-0.5 
17721737E-05 
1772672 7E-0 5 
.1??24028€-05 
a17730284E-05 
1773 103 7E-05 
017 /3i522F-O5 
17731 86BE-05 
a17732104E-05 
PC/PO 
.99963874E+00 
.99990972E+00 
9 9 9 9 5 4 96 E +00 
99997 72 9E+00 
e 99998562E+00 
.99999011E+00 
999992 64E+00 
e9939941 8E+00 
99999554E+00 
.9 99 99 62 bE +00 
PC/PO 
.99817.193E+00 
.99954231E+00 
99979540E+00 
.99988552E+00 
.Q9992491F+OO 
-9999491 3E+00 
999962 59E+00 
.99997132E+00 
99997729E+00 
.99998176E+00 
PC/PO 
994243 63 E+OO 
.99855503E+00 
99935758E+00 
.99963874E.$,OO 
99976954€+00 
e9998393 7E+00 
.99988184E+00 
.99990972E+Sr 
Y~;L/2865 E+>J 
s9999420Ckt00 
AO*CR 
(in21 
.50000000E-03 
10000000E-02 
.15000000E-02 
.200000005-0 2 
.25000000E-02 
30000000E-02 
.35000000E-02 
.4UOOOOOOE-02 
.45000000E-02 
5OOOOOOO E-0 2 
A O W R  
(1n21 
a 50000000E-03 
10000000 E-0 2 
15000000E-02 
.20000000E-02 
250000OOC-02 
30000000 E-0 2 
35000000E-02 
.40000000E-0 2 
e 4mnnn?r,;-1)2 
.50000000E-‘ L 
AO*CR 
(1n2) 
50000000 E-03 
.10000000E-02 
15000000E-02 
.20000000 E-0 2 
25000000E4‘2 
3OOOOOw t-0 2 
35U00000f-,02 
40 00 000 0 E-0 2 
45000000E-02 
.50000000E-02 
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NLlZZLE THROAT DIAMETER(IN.) = e0125 
NUZZLE THROAT AREA(IN2) = .0001227 
N 1T RCIGEIV PROPEL LAN T 
WODCIT/PO WTDOT/ PO 
(IN2/aEC) (INP/SEC 1 
-27321832E-05 
r 2  7609589E-05 
-27666688E-05 
e27687774E-05 
e27700214E-05 
2 7696 100E-65 
e27713906E-05 
e 2  772825 lE-05 
-27697326E-05 
2 77 257 18 E-05 
.2 732 16O6E-05 
2 7610477E-0 5 
2 7664584E-05 
2 76835 73 E-0 5 
-27692365E-05 
2 76971 5 1 E-0 5 
27700028E-05 
e 27 70 190 2 E-0 5 
e27703191 E-05 
27 704 10 3 E-0 5 
NOZZLE THROAT DIAMETER(1N.) = e0150 
NOZZLE THROAT AREA(IN2) -0001767 
NITROGEN PROPELLANT 
W ODO'f / PG 
(INZ/SEC) 
3876 1998E-05 
396 095 34E-05 
39769867E-05 
3 98 2 8294E-05 
034852725E-05 
.3 98 733 5 8 E-0 5 
e39878316E-05 
039897760E-05 
e39884098E-05 
rJ9901507E -05 
WTDOT/ PO 
( I N2/S EC 1 
38761 552 E-05 
,39609283 E-0 5 
39770058E-05 
39626610 E-0 5 
39852844E-05 
-39867093E-05 
39875707E-05 
39 8 8 12 8 6 E-O 5 
39885133E-*05 
e39887865E-05 
NOZZLE THROAT DIAMETER(1N. 1 = e0175 
NOZZLE THROAT AREA(IN2) = oi1002405 
N I T  ROGEN PRClPE L LAN T 
WODOT/ PO W'ROT/PO 
(IN2/SEG) ( I N2/S EC 
*5t501630€-05 
053984651E-05 
54 1 1 44 3 8 E - 0 5 
*%/<,9; '-05 
054227, .a05 
0542519luE-05 
054258992E-05 
n 5425 8 1 5 5 E-05 
542 77094E-Q5 
3 $580024E-05 
51501555E-05 
053579 t78E-05 
'r 53982008E-05 
541 24083E-05 
5 41.9 00 .? 5 E- 05 
5422 595 I E-0 5 
5424762.6E-05 
e54271365E-05 
5427826QE-05 
- 5 4 2 6 i  ~ ~ O E - O  5 
P C / P O  
e 9 86 0 5 /+ 1 1 E +O (i 
r99 547960E+00 
.99911768E+00 
.99943+9Y E +oo 
.9F9607ROf+@O 
.9997 1 1  bC)E+OO 
.99843?4o~+nr1 
e9997791 8E+00 
. 9 9 9 ~  25 73 E +no 
e99985 R6XE+00 
P C / P O  
97147844E+00 
.992 72 507E+00 
.996 7 5+ 5: E +00 
.99882946E+00 
.9 9 9402 46 E to0 
.99817193E+00 
.99918657E+00 
.99954231E+00 
e9997071 9E+O@ 
.99963874~+0o 
PC/PO 
0948?2846E+00 
.98659965E+00 
994p02 48E+00 
.996t11858E+00 
9 97 833 36E +00 
.99849432E+00 
99889347E+00 
099915280E+00 
9 993 3 0 5 8 E +OO 
099945755E+00 
. ~ O O O O O O ~ E - O ~  . iocoooonE-n2 . ~ ~ ~ O O O O O E - O ~  
.30000noo E-o z 
.20000000E-O2 
.2500000@E-02 
.35000000E-02 
.4 0 0 0 00 0 0 E -0 2 
.45000000E-02 
o 50300000E-0 2 
AO*CR 
(1n21 
5 0000000E-03 
1000n000E-02 
15000000E-02 
LOOOOOOOE-02 
25000000E-02 
30OOOOOO E-0 2 
35000000E-02 
40 00 000 0 E-0 2 
45OOOOOO E-' 
.50000000E-02 
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NOZZLE THRtJAT D I A M E T E R  ( I N .  1 = e'?- " 
NOZZLE THROAT AREA(IN2) = .G3.303141 
N I T KO G E I\l P RO P E L L P E! '; 
6488484OE-05 
-59326443E-05 
e70210325E-05 
7 G 2 2.7 1 2 4  t -0 5 
70674959E-05 
e70750120E-05 
70799362E-05 
*708330-'3E-05 
708426 77E-05 
70868484E-05 
.64884758E-05 
.70209675E-05 
-70524218E-0 5 . 7 0 6 7 0 7 '1 4 E - 05 
- 7  0 750 5 3 7E-0 5 
.70798738E-05 
.70830036E-05 
.70851553F -05 
.70866909E-0 5 
6932 5063E-05 
NUZZLE THROAT DIAMETER(IN.1 = -0225 
NOZZLE THROAT AREA(IN2) = .no03976 
NITROGEN PRCiPELLANT 
WOOOT/ PO 
( INi /SEC) 
7 8 07 1074E-0 5 
-86556294E-05 
88316297E-05 
88949040E-05 
089245462E-05 
89406970E-05 
.89504'125E-C5 
.89577308E-05 
e 8961 366 1 E-05 
e89654314E-05 
WTOOT/PO 
[ I N Z / S E C  1 
.78070993E-05 
a86556054E-05 
8831 6859E-05 
-88948096E-05 
.892442 88E-05 
e89405521 E-0 5 
e89503030E-05 
El 95 663 63 E-0 5 
o 89609874E-05 
e89640991E-05 
NOZZLE THROAT D I A M E T E R (  I N .  1 = ,025'3 
NOZZLE THROAT AREA(IN2) = .0004908 
NITROGEN PROPELLANT 
WODOT/ PO WTDOT/ PO 
(IN2/SEC) (IN2/SEC) 
s 90 124682E-05 
10488089E-04 
10811237E-04 
e10928732E-04 
10983911E-04 
11032633E-04 
11043835E-04 
11052743E-04 
110: 8150f-04 
i 1013991 E-04 
90 1245 75 E-05 
10488084E-04 
10811167E-04 
10928643E-04 
10983823E-Oh 
e 110140 l8E-04 
u 11032293E-OL 
.11 G 441 9 1 E-0 4 
11052356EL04 
e 11058206E-04 
PC/P0 
91472908E4-00 
9 7 733 80 7E 4-00 
.989t3 0923 E +00 
.99630476E+00 
.99743426E+00 
9 9n 1 i 3 79 E +00 
9 9 42 4 3 6 3 E + 0 0 
.99855503E+00 
998 H 55 3 7 E +00 
999C7C86E+00 
P C / P O  
.86963F37E+Ob 
.9641551aE+00 
.98376892E+00 
,990a092 5 ~ + 0 9  
,996981 SoEaoe 
.99409964E+00 
.995895?3E+00 
e9976872 5E+P'? 
9981 7193E+00 
.99851855E+00 
X / P O  
81 31 63 t4E +00 
094630401E+00 
9754 5465E+00 
.99605411E+00 
099103? 85Ei-00 
e99375 72LE+00 
99647960E+00 
99721654E+00 
*99774420E+00 
I 995406 l6E+00 
A O W P .  
(1n21 
50000000'-03 
10G00000E-02 
15C00000E-02 
e 20000000E-02 
.%5000000E-02 . SOOC'~~000E-02 
35000000E-02 
40GOCOOCE-02 
.45OOOO@OE-02 
5 000 00 JO E-0 2 
5 OOOO@OO E-30 3 
1O000DOOE~02 
*15000000E-0? 
20000000E-02 
025000003E-02 
30000000E-02 
035000000E-02 
*40000000 E-02 
045000000E-02 
*50fl00000E-02 
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NOZZLE THROAT DIAKETER(iNo 1 = 00275 
NOZZLE THROAT AREA(IN2) 00005939 
NITROGEN PRQPELLANT 
WODOTJPO HTDOT/PO 
t IN2/SEC) ( I tdZ/SEC) 
10Q15621E-04 
12380289E-04 
12933849E-04 
-13138772E-04 
13235312E-04 
e13288617E-04 
0 13321017E-04 
013341458E-04 
0 13355969E-04 
0 13366825E-04 
0 100L5617E-04 
0 12380226E-04 
o 129337976-04 
0 131 38491E-04 
o 132352 96E-C4 
0 13288431E-04 
0 13320660E-04 
0 13341662E-04 
13356093E-04 
13366431E-04 
NOZZLE THR3AT DIAiiETER( IN. 1 = .0300 
NOZZLE THROAT AREA(IN2I = oQOO7068 
N I TRO GEN PROPEL LAN T 
LODOT/ PO 
(INZ/SEG) 
10747871E-04 
e14273084E-04 
15 16699OE-04 
15504799E-04 
e 15666144E-04- 
015754614E-04 
15808530E-04 
15843813E-04 . i5868603E-04 
0 15885810E-04 
WTDOT/ PO 
( INUSEC 1 
10747866E-04 
0 14273096E-04 
15166926E-24 
0-1 55 0462 i E-0 4 
15665674E-04 
15 754487E-0 4 
15808487E-04 
.15843713E-04 
15867949E-04 
15885328E-04 
NOZZLE THROAT DIAMETER(IN.1 = e0325 
NOZZLE THROAT AREA(IN2) = 00008295 
NITROGEN PROPELLANT 
WODOT/PO WTDt!T/ PO 
(IN2/SEC) ( I? !Z /SEC 1 
.11172300E-04 
o16101428f-04 
-17470888E-04 
.18002198E-04 
o1825850bE-04 
18400825E-04 
38486843E-04 
18543508E-04 
18582612E-04 
186 10312E-04 
11172301E-04 
16 10 140 8E-04 
17470855E-04 
18002090E-04 . 182582n9~-04 
.1840n i81~-04  
18486802E-04 
18543418E-04 
1858241 8E-04 
18610410E-04 
PC/PO 
.74683981E+OO 
-92 3 161 6 1  E+OO 
96443994E+00 
097970343E+00 
986921 98E+00 
-9908841 1€+00 
99328730E+00 
9 94 85 340E 3.0 0 
099592951 E+OO 
.99670039E+Q0 
PC/PO 
e673432 81  E+OO 
m89431435Ei00 
95031939Ei00 
.97147844€+00 
981 56965 E M 0  
98 7 4.3 43 9EiO 0 
o99051788E k 0 0  
*93272507Ei00 
.9YG2 43 63 E i O O  
.99533257E+00 
PC/PO 
5 96472 53 E+OO 
.85963022E+00 
932 74? 93 E+00 
.96110480E+00 
.97477561E+00 
98 2 3 5 82 7E +00 
9 86 98 2 82 E +00 
.99000549E+00 
,992 087 6% E +00 
.Q?35#207E+OO 
A O X R  
(IN.?) 
05000000QE-03 
o 10Q00000E-02 
015000000E-02 
020000000E-02 
.25000000E-02 
c 30000000E-02 
o3500000QE-02 
~40000000E-02 
45000000 E-02 
o50000000E-02 
. 5 o o o n o o n ~ - o ~  
10000000~-n2 . i500nn00~-n2  
. Z S O O O ~ O ~ E - ~ ;  
~ O O O ~ O O O E - ~ ~  
.4ooonoon~-n 2 
.20000000E-02 
350000COE-02 
.45Q03000E-02 
.50000000E-0 2 
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NOZZLE TYROAT DIAMETER(1N.I = -0350 
NOZZLE THRdAT AREA(IN2) = -0099621 
NITROGEN PROPELLANT 
UODOT/PO kJTDOT / PO 
( INZ /SECl  ( IN2 /SECI  
11287445E-04 
e17798198E-04 
-19799399E-04 
,2060065 1E-04 
20992097E-04 
2 12 10806E-04 
-21344346E-04 
92 14320096-04 
.21493015E-04 
-2 1536391E-04 
.11287445E-O4 
17798178E-04 
20600622 E-04 
.2 1 2 1053 6E-0 4 
2 1344326E-04 . 21 43 199 IE -04  
,21492477E-04 
.2 1 53 5945E-04 
19799393E-04 
20992075E-04 
hOZZLE THROAT DIAt iETER:IN.)  = ,0375 
WZZLE THROAT AREA( IN21 = ,0011044 
k I i AOGEN PROPELLANT 
b1000T/PO WTDOT / Po 
I I ~ . ~ ~ / S E C I  ( I N2/S EC I 
11122550E-04 
19300230E-04 
-22201215E-04 
-2 3264699E-04 
, 23 a 4 2 2 2 5 ~ - 0 4  
-2 4 16 7445 E-04 
24367534E-04 
-2449935 1E-04 
24589649E-04 
-24654956E-04 
11122 551 E-04 . 1 9 3 n 0 2 1 7 ~ - 0 4  
. 2 3842 22 7 ~ -  04 
22 101 179E-04 
-2  3 2 6466 3 E-0 4 
-24167203E-04 
2 43 6 7 1  4 7 f - 0 4  
24498 55 8E-04 
2 4589446 E- e4 
-24654828E-04 
hiOZZLE THROAT DIAMETER(1N.) -0400 
NOZZLE THROAT AREA(Ih21 = r0012566 
iJ I T RO G E i\l PRO P E L LAN T 
10727438E-04 
2 05 53880E-04 
26321822E-04 
2 5 9 5 3 9 3 5 E -0 4 
26779339E-04 
e27248411E-04 
27538791E-04 
e27730577E-04 
27863718E-04 
e 2  795847lE-04 
IJTnOT/PO 
( I N Z / S E C  1 
PC/PO 
.51960594E+OO 
. 9 1 1 44469 E +00 
.9663495%€+00 
, 98256407Ei00 
48938/+07E+00 
-8193208?€+00 
,94832 846E+00 
09764051 9E+00 
e98659965EiOO 
.9913%50SE+00 
PC/PO 
,446022 14E+00 
.77395234€+00 
-88627?89€+00 
932 92 94 7E+00 
*95609017E+00 
.96912190E+00 
977 1 39 81 E+OO 
.98240953E+00 
.9R605412E+00 
.98867607E+OO 
PC/PO 
A W C R  
I I N 2 1  
-5 0000000 E-0 3 
10000000E-Pi 
, 15000000€--02 
e 20000000E-02 
, ~ ~ O O O ~ O O E - O ~  . ~ O ~ O O O O ~ E - O ~  
,4oonnnon~-o z 
. ~ O O O ~ ~ O O E - O  2 
.35900000E-02 
.45OOOOOOF-O2 
AfWCR 
(1n21 
. 5 o o o o n o n ~ - o ~  
. 10000n00~-02  . ~ ~ O O O ~ O ~ E - O ~  
. 2 o n o o n o o ~ - o ~  
.25oonooo~-o2  
~ O O O ~ O O O E - ~ ~  
. 35noonoo~-oz  
. ~ O O ~ O O O O E - O  z 
. 4 5 n o n n o o w v  
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NOZZLE THROAT DIAMETER( I&- = -0425 
QITROGEN PROPELLANT 
NOZZLE THROAT AREA(IN2) = e0014186 
WODOT/ PO WTDOT/ PO 
(INZ/SEC) (IN2/SEC) 
.29586952€+8k 
o21519809E-04 
o26406595E-04 
.28624086E-04 
o29770062E-04 
o30428785E-04 
030839006E-04 
03 11 10842E-04 
0 3 1300285E-04 
-3  1437197E-04 
099999999E+93 
,21519805E-04 
.2 6406584 E-04 
(. 2e 624083 E-04 
o29770009E-04 
30428625E-04 
o30838917E-04 
3 1 110734E-04 
31299655E-04 
3 143 6 10 1 E-0 4 
NOZZLE THROAT DIAMETERI IN, )  = e0450 
NOZZLE THROAT AREA(IN2) = o0015904 
NITROGEN PROPELLANT 
WODOT/PO WT30T/PO 
(IN2/SEC) (IN2/SEC I 
029586952E+81 
o22176027E-04 
28303534E-04 
o31228429E-04 
o32777111E-04 
o33679068E-04 
o34245433E-04 
0 346225 17E-04 
-34885797E-04 
035076171E-04 
99999999E+93 
o22176019E-04 
o28303528E-04 
31228395E-04 
32777132E-04 
o33679052E-04 
o34245356E-04 
-3462242 1 E-04 
-34885397E-04 
-35075792E-04 
NOZZLE THROAT D I A M E T E R I I N o I  = 00475 
NOZZLE THROAT A R E A I I N Z I  = o0017720 
N I T  ROGEld PROPEL LAN T 
.29586952E+81 
2 2 5 185 82 E-04 
e29966664E-04 
-33719187E-04 
e 3 5 76066 7E-04 
3 696 75 8 3E-04 
-37732134E-04 
e 382 442 35 E-04 
038602906E-04 
. 3 a a m i 9 2 ~ - 0 4  
99999999E+93 
-22 5184 76E-04 
29966660E-04 
33 7191 76E-04 
m35760645E-04 
36967455 E-0 4 
3 7 7 3 2 0 7 3 ~ 0 4  
38 2441 50E-0 4 
38 602 730 E-04 
m38863056E-04 
PC/PO 
99999999€+99 
0671 8541 7E+00 
0 82442079EWO 
.893 65 17OE’+OO 
92942781 E+OO 
*94998996€+00 
96279937E+00 
*97128559E+00 
.97718380E*00 
o98144365€+00 
PC/PO 
99999999E+99 
061 755 136E+00 
7881 8850E+00 
86 963 93 7E+00 
o91276810E+OO 
o93788448E+00 
9 53 6 54 76E +00 
.96415518E+00 
9 7 1478 44 E +OO 
o97678055E+00 
P C / P O  
.99999999E+99 
-56281 835E+00 
748972 15E+00 
,842 76069E+00 
893784 17E+00 
e92 394664Ei.00 
94305710E+00 
095585572E+00 
96481791E+00 
9 7 1 32 43 3 E +O 0 
AO*CR 
1in2) 
.50000000E-63 
0 10000000E-02 
o15000000E-02 
20000000E-02 
25000000E-02 
.35000000E-02 
.40000000E-0 2 
.45000000E-02 
0 33 00 000 0 E-0 2 
.5000000OE-O 2 
A O V R  
(1n21 
o50000000E-03 
10000000E-02 
015000000E-02 
20 00 0000 E-0 2 
025000000E-02 
30000000E-02 
o 35000000E-02 
040000000 E-02 
o45000000E-02 
5 000 0000 E-0 2 
5 00 00 0 00 €4 3 
10000000E-02 
15000000E-02 
20000000E-02 
.25000000E-02 
.300d0000E-02 
35000000E-02 
040000000E-02 
45000000E-02 
.50000000E-0 2 
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.7611754PE+66 
-22560189E-04 
.3 1358732E-04 
3604987 ZE-04 
3 86 78625 P O 4  
40258 95 7E-04 
e41270495E-04 
.41?52358E-04 
e42432126E-04 
-427B1635E-04 
JPL TECHNlCAL REPORT 32- I353 
-41 72"499E+78 
.22 5 6 n i w ~ - 0 4  
.3i 35872 x - 0 4  
.3 6049 8 m F -  04 
-3867R599E-04 
-402 5 H 8 50 E- 04 
41 270361 E-04 
-41952337E-04 
-42 432044E-04 
-42 78 1 4  5 5 E-04 
P C / P D  
-941 2 7 75 hE+82 
.5 0 8 8 82 04 E 3.0 0 
.70734760€+00 
81316324€+00 
.87245946E+OD 
- 9  0 8 1 04 64 E +00 
.9309zn95~+00 
. 9 4 6 3 0 4 0 i ~ + n o  
.957124596+00 
965006 15E+00 
57 
V. l i s t  Print for Fig. 7 
R E A D  l~TOMIN~TOMAX~TOLEN~TOINC,WRATMNIWRATMN~WRATMXr~~ATLNrWRATIC 
R E A D  2rDXyDYrDLX,DLY9DLTrDPIXSF,YSFrYSF 
T O S T D 1 2 5 o  
TRSTD=( 9 o*TOSTD/ 5 )+491069 
P B I N T  3rTOSTD 
1 F O R M A T ( 2 F 1 0 o 2 ~ F 5 o l r F l O ~ 2 ~ 2 F l O o 7 ~ F 5 . 1 , F 1 0 o 7 ~  
2 FORMAT(6F5 .1 r2F10 .1 )  
3 F O R M A T ( Z X 3 3 H G A S  I N L E T  TEMPERATURE REFERENCE = r F 5 . 1 1 1 X 5 H D E G  C T / / / )  
4 FORMAT(ZX14HFLOWRATE R A T I 0 9 8 X 2 4 H G A . S  I N L E T  TEMPERATURE(C1  / / I  
P R I N T  4 
X M I N = T O M I N  
XMAX =TOMAX 
XLEN=TOLEN 
X I N C  =TO I N C  
YMIN=WRATMN . 
YMAX=WRATMX 
YLEN=WRATLN 
Y INC =WRATIC 
X L  ( 1) =XM I N * X S F  
Y L ( l ) = Y M I N * Y S F  
D I M E N S I O N  X L ( 6 ) r Y L ( 8 )  
XPOSX=XH IN-(  I D X / 2  1 * 1*X I N C  1 
Y P O S X = Y P I N - ( o L * Y I N C )  
XPOSY=XMIN-((DY+lo)*.l*XINCI 
YPOSY=YMIN-( .O5*YINC) 
C A L L  P L O T ~ l O l ~ X M I N ~ X M A X ~ X L E N I X I N C 1 Y M I N C ~ Y M I N ~ Y M A X r Y L ~ N ~ Y I N C ~  
DO 1000 I C A N Z l r 5  
DO 1001 J C A N s l t 7  
1000 XL(ICAN+l)=XL(ICANI+(XINC*XSF) 
1001 YL(JCAN+l )=YL(JCAN)+(YINC*YSF)  
DL=Oo 
DO 6 I C A N = l r 6  
C A L L  P L O T ( 9 O c  ( X P O S X + ( D L * X I N C )  1 r YPUSX) 
C A L L  C H A R ( ~ T ~ O ~ ~ O ~ X L ( I C A N ) )  
5 FORMAT(F5 .0 )  
6 D L = D L + l o  
DL=O. 
DO 8 J C A N = l r 8  
C A L L  C H A R ( l r O o l r O r Y L ( J C A N ) )  
C A L L  P L O T ( 9 0 r X P O S Y t  ( Y b O S Y + I D L * Y I N C )  1 )  
7 FORMAT(F6 .3 )  
8 D L = D L + l o  
C A L L  P L O T ( 9 0 r  ( X M I N + (  .5 *X INC 1 1 T I YMAX+(. l * Y  I N C  I 1 1 
C A L L  CHAR (O?r 1 9 0  1 
P L O T ( 9 0 r  ( X M I N + (  (XMAX-XMIN-(  DLX*. l * X I N C )  ) / 2 .  ) 1 T ( Y M I N - (  . 5 * Y I N C  1 
9 FORHAT(  1 9 H N I T R O G E M  PROPELLANT 1 
C A L L  
C A L L  CHAR(OrO. l ,O)  
C A L L  PLOT(90r iXWIN+( (XMAX-) (Y IN- (nLT* .2*XINC)  ) / 2 . ) ) ,  (YMAX+( ( ( . 2 * D P )  
1 ) )  
10 FORMAT(7HTO ( 6 ) )  
1 + . 3 ) * Y I N C ) I )  
C A L L  CHAR (090.2,O) 
11 FORMAT(29Ht-LOWRATE R A T I O  VS TEMPERATURE) 
C A L L  PLOT ( 90 9 ( XM I N- ( ( OY +2.) * 1*X INC 1 
CHAR ( 0 9 0  * 1 9  1) 
T ( YM I N+ ( Y I*IA X -Y I4 I N  -( D L  Y*. I * Y  1 h' 
l C ) ) / 2 . ) )  
C A L L  
1 2  FORMAT(9HW/W(25  C ) )  
TO=T Oh I N 
N 1 = 5 1  
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N2=N1-1  
FLON2=N2 
DO 19 I = l , N l  
TR= ( 9 & T 0 / 5  l+491.69 
WRAT=SQRTF(TRSTD/TR) 
P R I N T  13,WRATtTO 
IF(#RAT-WRATMN)189 1 8 9 1 4  
I F  (WRATMX-WRAT 1 1 8 9  1 8 9  1 5  
13 FORMAT(6X,F7.4,17X,F8.3) 
14 
1 5  I F ( I - Z ) 1 7 r 1 6 r 1 7  
16 PAUSE 
1 7  CALL P L O T ( 9 0 t T 0 , W R A T )  
1 8  TO=TO+((TOMAX-TOMIN)/FLON2) 
19 CONTINUE 
END 
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VI. Output Datu for Fig. 7 
FLOWRATE RAT IO 
1.3 122 
1.2936 
1.2758 
1.2588 
1.2424 
1.2266 
1.2114 
1 1968 
1 1826 
1 1690 
1 1558 
1.1431 
1 1308 
1.1188 
1 1073 
1.0961 
1.0852 
1.0746 
1 e0644 
1.0544 
1 e0447 
1.0353 
1.0261 
1.0172 
1 -008-t 
1 .oooo 
e9917 
e983t.1 
e9757 
09680 
09605 
953 1 
0 9460 
.9389 
e9321 
e9254 
-9188 
-9124  
a9060 
*8999  
e8938 
~ 8 8 7 9  
e8821 
8764  
08708 
e8653 
e8599 
8546 
8495 
m8444 
08394 ' 
60 
G A S  INLET T E M P E R A T U R E ~ C )  
-100.000 
-95 000 
-90.0110 
-R5.0@0 
-80.000 
-75 .ooo 
-70.000 
-65 000 
-60 e000 
-55.000 
-50.000 
-45 .ooo 
-40.000 
-35 000 
-30.000 
-25.000 
-20.09.0 
-15.000 
-10.000 
-5.000 
0 . o m  
5 000 
10.000 
15.000 
20.000 
25 000 
30.000 
35.000 
40.000 
45.000 
50.000 
55 000 
60.000 
65 000 
70.000 
75 000 
80.000 
85.000 
90 000 
95.000 
100.000 
105.000 
110.000 
115.000 
120  .ooo 
125.000 
130.000 
135.000 
140.OCO 
145.000 
150.000 
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'911. List Print for Fig. 8 
PC!=15. 
PA=O. 
GAivIkA=1.401 
P I = 3 . 1 4 1 6  
R =55 16 x' 1 2 
G O = 3 8 6 . 0 6 7 7  
ARTGEO=50. 
S IGDEG=25 .  
TO=25.  
TR=(9.;'T0/5. )+491.69 
C V = 4 2 9 0 .  
DTMIN=.005  
DT MA X = 0 5 
C N I N I T = 6  
DI#EI \ !S ION X L ( 6 ) , Y L ( 8 )  
READ 1 , P R A T 1 4 I \ ~ , P R A T M X , P R A T L I \ l ~ P R A T I C ~ F N E T M M ~ F N E T I U 1 X ~ F N E T L i \ ~ ~ F N E T I C  
FORi4AT ( 2 F l O e . 7  
R E A D  2,DX,DY,DLX,DLY,DLT,DP,XSF,YSF 
XMIN=PRATtviN 
XMAX = r K A TM X 
XLEM=PKATLN 
X I N C = P R A T I C  
Y I.: I N  = F I\! E TMN 
YMAX=FNETkX 
k LEN=FNETLN 
Y I N C  =FNET I C  
X L ( 1 ) = XM I N*X S F  
Y L  ( 1 1 =YM I N * Y  S F 
XPOSX=XMIN-(  ( D X / 2 .  ) * e  l * X I N C )  
Y POSX =YCI IN- ( .2'kY I NC 1 
XPOSY=XMIN- (  ( D Y + l .  )* . l *XXINC) 
YPOSY=YM!N-( .05*'Y I1!C 1 
C A L L  
DO 1000 ICAN=1,5  
DO 1001 JCAN=1,7 
DL=O. 
DO 4 I C A N = l , 6  
C A L L  P L O T ( 9 0 , ( X P O S X + ( O L * X I N C ) ) , Y P O S X )  
C A L L  Cu'AR( l,O.l,O,XL( I C A N )  1 
1 F 5  193F10 79 F5.1 , F L O  7 1 
2 F O R ~ ~ ~ U T ~ b F 5 ~ 1 , 2 F 1 0 ~ 1 ~  
P L O T  ( 101 ,XMIN,  XMAX, XLEN, X I  NC Y M I N  ?YMAX 1 YLCN, Y I N C  ) 
1000 X L  ( I C A N + 1 )  = X L  ( 1 C A N )  + ( X I  NC*XSF 1 
1001 Y L ( J C A N + l  ) = Y  L( J C A N )  +(  Y II\ICxcYSF 1 
3 FORMAT(.'5.2) 
4 D L = D L + l o  
DL=O 
DO 6 J C A N r l 9 8  
C A L L  PLOT(90 ,XPOSY,  ( Y P O S Y + ( D L % Y I N C )  1 ) 
C A L L  CHAR( l ,O . l ,O ,YL !JCAN) )  
5 FORMAT(F6 .3 )  
6 D L = D L + l .  
C A L L  PLOT(90,(XMIN+(.5*XINC))t(YMAX+(.l*YINC))) 
C A L L  C H A R ( l t O . l ? O , P O )  
C A L L  PLOT(90~(XMIN+(o5*XINC)),(YMAX+(.3*YINC))l 
C A L L  C H A R ( l t O o l t 0 , T O )  
C A L L  P L O T ( ~ ~ , ( X M I N + ( . S * X I N C ) ) ( ( Y M A X + ~ O ~ * Y I N C ) ) )  
C A L L  C H A R ( O t O e l v 0 )  
7 FORMAT(4HPO = p F 5 e l t l X 6 H L B S / I N )  
8 F O R M A T ( C Y T 0  = t F 5 . 1 , 2 X l H C j  
9 F O R M A T ( 1 9 H N I T R O G E N  P R O P E L L A N T )  
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C A L L 
C A L L  CHAR(  ~ T O . ~ T O T A K T G E O )  
10 F O R M A T ( 1 2 H ( A E / A T ) G E O  = ~ F 5 . 1 )  
I.' L O T  ( 90 9 ( X PI1  N+ ( 3 * * X I  NC 1 
C A L L  C H A R ( ~ , O . ~ T O T S I G D E G )  
C A L L  
C A L L  CHAR (0 90.1 T O  
C A L L  
PLOT ( 9 0 T ( X 1' I N+ ( 3 9 Xc X I NC 1 ) T ( Y MA X* I 1 * Y I h!C 
C A L L  T ( YMAX+ ( 3g'iY I NC 1 
11 F O R N A T ( 7 H S I G M A  f t F 5 . 1 )  
P L O T ( ~ O T ( X M I ~ I + (  ( X M A X - X F I I 1 \ I - ( I ) L X * . l ~ X I N C )  );2. ) I T  ( Y M I N - (  . 5 * Y I M C )  
1)) 
1 2  FORMAT ( 5 H P C / P @ )  
1+.3 )*Y IIK) 1 )  
P L O T ( 9 0 ,  (XI. I IN+( ( X M A X - X M I N - ( D L T * . 2 * X I N C )  ) /2 .  1 1 9  (\ 'MAX+( ( ( . 2 * D P )  
C A L L  C H f i R ( 0 ~ 0 . 2 ~ 0 )  
C A L L  
I 3  F O R M A T ( 2 8 H N E T  THRUST VS PRESSURE K A T I O )  
P L O T ( 9 0 ,  ( X M I N - (  (DY+2.  ) * e  l * X I N C )  1 9  ( Y M I N + ( Y M A X - Y M I N - ( D L Y * .  1 * Y I N  
1 C )  ) / 2 . ) )  
C A L L  CHAR(O,O-. l , l )  
N1=6 
N2=46 
F LON3=N3 
MAX 1 =20 
MAX 2 = 2 0 
M A X 3 = 2 0  
14 FORMAT ( 9 H F N E T  ( L B S  
N3 =N 2- 1 
E P S  1= 00 1 
E P S 2 =  e00 1 
EPS3=.001  
PRAT IT= .95  
P R A T = P R A T I T  
FGAM=(GAMCA+l .  ) / ( G A M M A - l .  1 
DO 77 I = l , N l  
R E A 0  15,AOCR 
P R I N T  16,PO 
P R I N T  179AOCR 
P R I N T  1 8 9 A R T G E O  
P R I N T  19 ,S IGDEG 
P R I N T  20,TU 
P R I N T  21 
2 1  F O R M h T ( 5 X L 9 H N I T R O G E N  P R O P E L L A N T )  
P R I N T  22 
22 FORMAT ( / / /  1 
P R I N T  23 
1-E FORMAT(F10 .7 )  
16 F O R M A T ( ~ H ~ T ~ X ~ ~ H V A L V E  I N L E T  PRESSURE = , F ~ * ~ T ~ X ~ H L B S / I N ~ )  
17  FORMAT(SX9H.40 X CR = T F ~ . ~ T ~ X ~ H I N ~ )  
18 F O R M A T ( 5 X 1 9 H N O Z Z L E  AREA R A T I O  = ~ F 8 . 3 )  
19 F O R M A T ( 5 X 1 9 H N O Z Z L E  HALF-ANGLE = , F 5 e l p l X 3 H D E G )  
20  F O R M A T ( 5 X 2 3 H G A S  I N L E T  TEMPERATURE = T F ~ . ~ T I X ~ H O E G  C )  
23 FORMAT ( ~ X ~ H F N E T T ~ X ~ H P R A T T ~ X ~ H D E L P T  ~ Z X ~ ~ ! ? O D . O T T  P ~ X Z H D T T ~ X ~ H F L ~ ~ T P T A X  
l Z H C N  1 
P R I N T  24 
2 4  FORMAT ( 5 X 4 H (  LB 1 T 2 0 X 5 H ( P S I  1 I l O X 8 H (  L B / S E C )  t 1 2 X 4 H  ( I N !  T 5 X 9 H (  PERCENT)  9 / 
1 )  
OT=OTMIN 
DO 76 J=l ,N2 
R T = D T / 2  
A T = P I * ( K T * * L )  
AE=ARTGEO*AT 
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I F ( S E N S E  S W I T C H  2 3 2 6 9 2 8  
26 P R I N T  2 7 t F P R A T , D F P R A T t P R A T N , C P C , I N l  
2 7  F O R M A T ( Z X 7 H F P R A T  =9E l5 .8 ,5XAHDPPRAT = t E 1 5 . 8 9 5 X  
= t  I 5  
28 IF(ABSF(PRATN-PRAT)-EFSl)32,32t29 
1C PC = t  E 1 5  8 t 5 X 5 H I N l  
2 9  PRAT=PRATN 
I F  (MAX 1- IN 1) 30 9 30 925 
30 P R I N T  3 1 t P R A T  
3 1  FORMAT ( 2 X 2 4 H I T E R A T I O N  L I l Y I T  EXCFEDED? 5 X l l t : P R A T  
PAUSE 
3 2  PRAT=PRATN 
PC=PRAT*PO 
HPKATM = t E 1 5 . 4 t 5 X 5 H  
D I V  = t  E15.8 
OELP=PO-PC 
W OOO'i= AOCR *Po*  ( P RAT** ( 1. / GA EiMA *SORT F ( ( 2. *GO/ ( R*TR 1 gc ( GAMMA / ( GA CIM 
1 A - l o  ) ) ~ ~ ( l . - ( P R A T * * ( ( c . ~ M M A - l .  ) /GAMMA) 1 ) )  
WTDOT=PC*AT*SORTF( ( G A M M A s G O / ( R * T R ) ) % ~ (  E . / ( G A M M A + l e  I ) * * (  (GAMMA+l .  ) /  
1 (GAMMA-1 1 ) 
ARTERO=.5*ARTGEO 
C N =C N I N I T . 
I N 3  =O 
33 I N 2 = 0  
I N3 =I N 3 + 1  
C l = ( G A M M A + 1 . ) / ( 2 . * ( G A ~ I M ~ - l .  1 )  
C 2= (GAMMA- 1 / 2 
C 3 = ( ( G A M M A + l . ) / Z e ) * * C l  
D FC N =C 3* ( 2 *C 2*CN *C N* ( -C 1 
CNN=CN-(FCN/DFCN 1 
I F ( S E N S E  S W I T C H  2135937 
34 FCN=C3*CN*(( l .+(C2*CN*CbI) ) * * ( - C l )  1 - 0 ,  . / A R T E R O )  * ( ( 1 + ! C 2* 1 N* C N ) ** ( -C 1-1 )'+ ( ( 1 + ( C2  *Ch 
1 W N  * * ( - C l )  
I N Z = I N 2 + 1  
35 P R I N T  ~ ~ ~ F C N ~ D F C N ~ C N N I I N ~  
36 FORMAT( 2 X 5 H F C N  = 9  E 1 5 e 8 9 5 X 6 H D F C N  = t  E15.8 t 5 X S H C N N  =,E 1 5 . 8 t 5 X 5 H I N 2  = t  
115) 
37 , ~ F ( A B S F ( C N N - C ~ ) - E P S 2 ) 4 1 , 4 1 1 3 8  
38 CN=CNN 
I F ( M A X Z - I N 2 ) 3 9 9 3 9 t 3 4  
39 P R I N T  4 0 t C N  
40 F O R M A T ( 2 X 2 4 H I T E R A T I O N  L I M I T  E X C E E D E D 9 5 X 9 H M E ( D I V )  =,E15.8)  
41 CN=CNN 
TRAT= l .+ (  (GAMMA-1. ) *CN*CN/Z.  1 
U O = ( 2 . 2 7 0 E - 0 8 ) * ( T R * * ( 3 / 2 ) ) / ( T 9 + 1 9 8 r 6 )  
RENOUX ( C  N/UO 1 *SQRTF ( GAMMA/ ( ( GAMMA- 1.) e C  V*TR 
RENO=lZ.*RENOU*SL*PC 
DELTA=.645*SL/SQRTF(RENO) 
I F  ( C  rU-6 5 1 4 2  9 42 9 4 3  
1 * ( T  RAT ** ( ( G  AMP1 A-Z' / ( 
l G A M M A - l ~ ) ) ~ * ( ( ( T R / T R A T ) ~ + 1 9 8 . 6 ) / ( T R * 1 9 8 r 6 ) )  
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42 DELSTR=DELTA*  ( -0 0 0 0 2 2 * C  N**6+ 006 7 l * C N * *  5 - 0 0 7 6 1  O*CN**4+ 03 9?70*CN**  3 
1-.3~876*CN**2+.9923O*CN+2.28324) 
43 
44 
45 
46 
47 
48 
49 
5 0  
5 1  
52 
53 
54 
55 
5 6  
. 57 
GO T O  48 
I F  (CN- t 5') 4 4 , 4 4 9 4 5  
DELSTR=DELTA*  (8.6*CN-25 09 
GO TO 48 
I F  (CN-9.0 1 4 6 7 4 6 2 4 7  
DELSTR=DELTA*  I 10.0*CN-36.4) 
GO T O  4a 
D E L S T R = D E L T A * I  1 0 . 9 * C N - 4 4 r 4 )  
REEFFzRE-DELSTR 
I F ( R E E F F ) 7 6 , 7 6 , 4 9  
ARITER=(REEFF*REEFF)/(RT*RT) 
I F f S E N S E  S W I T C H  2 1 5 0 ~ 5 . 2  
P R I N T  5 l , A R T E R O , A R I T E R , I N 3  
F O R k A T ( 2 X 8 H A R T E R O  = , E 1 5 . 8 , 5 X 8 H A R I f E R  = , E l 5 0 8 * 5 X 5 H I N 3  = , I 5 1  
I F ( A 8 S F  1RTERO-ARITER ) - E P S 3 )  5 7 9 5 7 ~ 5 3  
I F ( M A X 3 - 1 N 3 ) 5 5 , 5 5 , 5 4  
ARTERO=(ARTERO+AR:TERl/Zo 
GO TO 33 
P R I N T  5 6 r A R I T E H  
FORMAT ( 2 X 2 4 H  I TERAT I ON L I M I  T EXC EEDED, 5 X l 2 H A E / A T  (0 I V  I = p  E 15 -8 1 
S I G E F F = A T A N F ( R E E F F / S L )  
T E = T R / T R A T  
VE =G E T  N 
VEF=VE/12.  
CFP=PE*ARITER*GO*AT/(.WODOT*VE) 
P€=PO*( ( l .+ ( ( (GAMMA- l .1 /2 . )s ;  " r C N ) ) ~ * I - G A M M A / ( G A M M A - l o )  1 )  
C E=SQRT,- (GOsGA#MG*R*TE I 
FP=(L.- .5*(1.+COSF(SIGEFT))) / ( I .+CFP' 
FDEL=Z.+(RE-( DELTA/L . -  1 1 % D E L T A /  ( ( R E - C r L S T R ) *  (RE-DELSTR 1 
FMAX=PC*AT*SORIF(2s*GAMA+GAMMA*(  ( Z e / (  GAMMA+l. I l * *FGAM) /(GAMMA-l .  1 
1 1  
1 - ( 1 P E / P C I = = I ( G A N M A - l . ) / G A M ~ A ) ) ) a ( ( P E - P A ) * A R I T ~ R / P C l  
CF=SORTF ( ( i Z.*GAMMA*GAMMA /I GAMMA-10 1 I * (  (20/ (GAMMA+l. I )  **FGAM) *( 1. 
FTHEOR=CF*PC%AT 
FN=(FMPY-FTHEOR)/FHAX 
FLTOT=l.-((l.-FP)~~(l.-FDEL)8(1.-FN1) 
F L T O T P = F L T O T * 1 0 0 .  
FNET=FMAX*( l . -FLTOT)  
P R I N T  58rFNETaPRATtDELPtWODOT,DT,FLTOTP,CN 
58 FORMAT {2X,F8.5,5X 9F7.47 5x1 F9.57 5 x 1  E L ~ . E I ~ ~ X  rF7.5 ,5X,F6 e 2  9 5 X 9 F 7 . 3 )  
I F t S E N S E  S W l T C H  3 1 5 9 9 6 7  
5 9  P R I N T  ~ O I H T D O T , I N Z  
60 FORMATI2X7HMTDOT =,E15.8 ,5X5HIN2 = , I 5 1  
61 FORMAT(ZX8HARTERO =,E15.8,5XBHARITER =rE15.8 ,5X5t ! ;N3 = , I 5 1  
6 2  FORMAT ( 2 X 4 H P C  = p  E15.R 5 X 4 H P E  = , E 1 5 0 8  r 5 X 4 H T E  =) E l  5.8 9 5 X 4 H d E  = v  E 1 5  R 
P R I N T  6 1 , A R T E R O , A R I T E R t I N 3  
P R I N T  ~ Z I P C I P E ~ T E I C E ~ V E F  
l r 5 X 5 H V E F  = r E 1 5 . 8 )  
P R I N T  63,TRATsUOtRENOU,RENO 
53 FORMAT ( 2 X 6 H T R A T  = )  E15.8 75X4HUO =, E.15.8 ,SX7HRENOU =tE15.8 ,5X6HRENO 
l = r  E 1 5 . 8 )  
PI? I NT 
P R I N T  6 5  FTHEOR ,FMAX 
P R I N T  66,FP,FDEL,FNtFLTOT 
64, DE LTA 9 DELS TR KEE FF 
64 F O R M A T ( Z X 7 F D E L T A  = , E 1 5 . 8 r S X 8 H D E L S T R  =,E15.8,5X7HREEFF =,F15.8) 
6 5  F O R M B T ( 2 X 8 H F T * i E O R  =i F15.8,5XbHFMAX =,E15.8) 
66 F O R M A T ( 2 X 4 H F P  = , E 1 5 * 8 , 5 X 6 H F D E L  " t E 1 5 . 8 ~ 5 X 4 H F N  =,E15.8,5X7HFLTOT = p  
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lf15.8) 
67 I N 3 = 0  
I F ( F N E T M X + N E T ) 7 5 9 7 5 1 6 8  
68 I F  ( FNET-FNETMN 1759759 69 
69 I F ( P R A T M X - P R A T ~ ~ ~ ~ ~ ~ T ~ O .  
70 IF (PRAT-PRATMN)75,75171 
71 I F ( I - l ) 7 4 v 7 2 ~ ? 4  
72 1 F J-2 749 73 T 74 
7 4  CALL 
75 OT~DT+((DTMAX-DTMIN)/FLON3l 
76 CONTINUE 
77 CONTINUE 
73 PAUSE 
PLOT ( 90 9 PRA T 9 f NE T 1 
CALL PLOT (99  1 
END 
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VIII, itiitirrl Conditions for Fig. 8 . _.- 
The following data are cominon to all the output data sheets for Fig. 8: 
Valve inlet pressure = 15 psi 
Nozzle area ratio = 50 
Nozzle half-angle = 25 deg 
Gas inlet temperature = 25°C 
Nib-gcn propellant 
Output data for Fig. 8 (AOCR = 0.0051 
FNET 
( L B )  
-00047 
-00068 
-00093 
.00121 
-00153 
-00189 
000228 
a00271 
e00317 
,00366 
e00417 
e00471 
-00526 
,00583 
-00641 
-00699 
000756 
-00813 
e00868 
0092 1 
-00971 
.01018 
e01060 
-01098 
e01132 
.01160 
mC1183 
.o 1200 
e01213 
.01220 
.01222 
,01220 
e01213 
.01202 
-01187 
-01170 
001149 
e01127 
.01102 
.01076 
.O 1048 
001020 
,00991 
-00963 
e00934 
-00905 
PRAT 
-9996 
09942 
9986 
-9376 
09962 
09942 
09915 
09881 
09837 
09782 
m9714 
-9633 . 9537 
09424  
e9295 
09147 
-8981 
.e795 
-8592 
-8370 
e8131 
e7876 
a7607 
.7326 
7034  
1,6734 
-6428 
-6119 
5809 
e5501 
5196 
e4896 
e4603 
-4319 
4044 
e3780 
.3528 
-3287 
3059 
,2843 
2640 
,2449 
2269 
.2102 
1945 
1799 
DELP 
( P S I  1 
000541 
-01124  
.02081 
003549 
e05675 
-08634  
012610 
-17801  
,24418 
-32673 
42 781 
.54953 
069386 
e86258 
1 e05721 
1 2789 1 
1 52 845 
1.80610 
2.11162 
2 4442 2 
2.80255 
3s 18474  
3.58841 
4 0 1074  
4.44856 
4 89850 
5.35700 
5.82044 
6.28530 
6.7481 7 
7.20591 
7 65562 
8 -09476 
8.52114 
8.93294 
9 32871 
9.70734 
10 a06807 
10 41 042 
10 73419 
1 03940 
11 32630 
11 59526 
11.8468). 
12.08158 
12.30034 
WODOT 
( LB/SEC) 
66473497E-05 
095 713649E-0 5 
13017524E-04 
-16987863E-04 
-21464957E-04 
026446876E-04 
31915156E-04 
a 37 8491 2 3E-0 4 
-44222242E-04 
050999725E-04 
.5 81 42 31 3 E-04 
65 600542 E-04 
73317386E-04 
81 227063E-04 
89257185E-04 
97 3 2 72 52 E-0 4 
10535178E-03 
11 3241 2 'J t -03 
12090388E-03 
12824856E-03 
1351 8710E-03 
141  63682 E-0 3 
14752320E-03 
152781 69E-03 
.15735959€-03 
.1612180lE-03 
,16433160E-03 
-16668911E-03 
c 16829292E-03 
16915825E-03 
.16931169€-03 
16878958E-03 
-16763615E-03 
e1659018hE-03 
16364127E-03 
1.6 0 9 1 1 5 9 E -0 3 
15777089E-03 
15427689E-03 
15048572E-03 
14645100E-03 
14222324E-03 
1378492 7E-0 3 
13337194E-05 
e 12 88300 1 E-0 3 
1242 5809E-03 
.11968518E-O3 
DT 
(IN) 
0050 
moo60 
0070 
-0080 
3 0090 
00 100 
.0110 
.o 120 
e0130 
-0 140 
a0150 
-0 160 
0 170 
00 180 
-0190 
.o 200 
.0210 
.0220 
-0230 
-0 240 
e0250 
a0260 
0270 
.0280 
-0290 
-0300 
-0310 
a 0  3 20 
e0330 
.e340 
-03513 
e0360 
a0370 
.0380 
-0390  
-0400 
0 4  10 
-0420 
o 0430 
.0460 
0450 
a0460 
,0470 
e0480 
m0490 
-0500 
FLTOTP 
; ?ErcC.;'L'T) 
10.84 
10 075 
10 68 
10.63 
10.59 
10.56 
10 53 
I n 0 5 1  
10 49 
10 047 
10 46 
10.45 
10 43 
10.42 
10 41 
10 -40 
10.39 
10.38 
10 37 
1 0 0 3 6  
10 35 
10 33 
10.31 
l r )o29  
10.26 
10.23 
10. 19 
10.14 
10.09 
10 -02 
9.94 
9.85 
9 - 6 2  
9.47 
9.31 
9.11 
8.89 
F.64 
a.35 
8.02 
7.66 
7.24 
6.77 
6.25 
5.66 
9.74 
C N  
5.555 
5.584 
5.606 
5.624 
5.640 
5.652 
5.664 
5.673 
5.682 
5.689 
5.696 
5.702 
5.707 
5.711 
50715 
5.719 
5-72?. 
5.724 
5.726 
5.727 
5.728 
5.729 
5.729 
5.729 
5.729 
5.728 
5.727 
5.725 
5.723 
5.721 
5.718 
5.715 
5.712 
5.708 
50 704  
5.700 
5.695 
5 690 
5.685 
5.679 
5.674 
5.667 
5.661 
5.654 
5.647 
5 640 
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Output data for Fi9. 8 (AOCR = 0.010) 
FNET 
(LB) 
000047 
000068 
000093 
-00121 
000154 
.00190 
-e00230 
-00274 
00032 1 
000372 
-00426 
-00484 
000545 
-00609 
-00676 
o00747 
000819 
-00894 
o O O 9 7 1  
-01050 
-01130 
001211 
-01293 
001375 
-01457 
001539 
-01619 
001698 
mol774 
001848 
-01920 
001988 
-02052 
-02112 
-02168 
-02219 
-02265 
-02306 
-02342 
-02372 
-02397 
002417 
-02432 
-02441 
-02446 
-02445 
PRAT 
09999 
9998 
-9996 
9994 
o9990 
-9985 
09978 
9970 
-9958 
9944 
-9927 
09906 
-9880 
9850 
09814  . 9773 
-9725 
-9671 
09609 
9540 
09463 
09377 
-9282 
-9178 
09065 
8943 
0881‘ 
8670 
e8520 
08360 
-8193 
08017 
-7833 
7643 
7446  
7244  
e7036 
-6825 
06610 
6393 
e6175 
5956 
-5737 
5519 
05302 
5088 
DELP 
( P S I  1 
-00135 
-00281 
000521 
,00888 
001422 
,02167 
-03171 
mO4488 
oO6174 
008294 
-10912 
14098 
-17924 
-22464 
,27795 
-33992 
-41130 
-49285 
058529 
068927 
080544 
-93433 
1.07643 
1.23213 
1.40169 
1.58529 
1.78294 
1.99456 
2 2 1992 
2 045 863 
2 -710  18 
2.97394 
3.249 1 2 
3.53482 
3.83007 
4-13376 
4.44473 
4.76178 
5 -08365 
5.40905 
5 73673 
6.06543 
6.39393 
6*7$105  
7.04568 
7.36678 
WOOOT 
( L B I S E C )  
665 18464E-0 5 
95774389E-05 
13035394E-04 
1701 56?OE-04 
21 5273 i’2 e 0 4  
26565605’304 
32 1212 87E-04 
3 8195162E-04 
-44769545E-04 
o51847249E-04 
594143 0 8 E-0 4 
-67455684E-04 
-84892876E-04 
,94245469E-04 . 10398889E-03 
75955145E-04 
11408861E-03 
12451212E-03 
13522265E-03 . 14617407E-03 . 15 732 1 83 E-0 3 
.17999654E-03 
. 2027992 7E-03 
16861365E-03 
19141197E-03 
21409652E-03 
022 523901 E-03 
- 2  361 621 7E-03 . 246801 09E-0 3 
-265972 94E-03 
25709200E-03 
o27638475E-93 
285272 3 8E-03 . 2 93 5 848 1 E-03 
. 3 083 083 OE-03 
-31464642E-03 . 3 2 02 6447E- 03 . 32 5 1433 5E-0 3 
.32927048E-03 
-33264043E-03 
.33525488E-03 
.33825471E-03 
.33 867361E-03 
-30127666E-03 
33 7121 59E-03 
33840278E-03 
DT 
(IN) 
00050 
0060 
.?‘-I70 
0080 
,0090 
.0100 
00 110 
-0120 
-0 130 
0 140 
00 150 
00160 
-0 170 
0 180 
-0 190 
-0200 
.0210 
.0220 
-0 2 30 
-0240 
-0250 
0260 
a 0  270 
e0260 
a3290 
e0300 
-0310 
.0320 
e0330 
e0340 
an350 
dr.360 
8 .)370 
,5380 
a 0  390 
0400 
5 4  10 
0420 
e0430 
I .  3440 
u.)450 . I460 
)470 
.\I480 
e0490 
,0500 
F L T 3 T P  
(PERCENT) 
10 - 8 4  
10.75 
10.68 
10 63 
10 59 
10 -56  
10 53 
10.51 
10 049 
1 0 - 4 7  
10 046 
10.44 
1 0 - 4 3  
10.42 
10 -41 
10 40 
10.40 
10.39 
10.38 
10 38 
10.37 
10.36 
10.36 
10.75 
10.35 
10.34 
10.33 
10 -33  
10.32 
10.31 
10.30 
10 29 
10.28 
10.26 
10 -25 
10 -23  
10.21 
10.19 
19 16 
i0.13 
10 10 
10.06 
10.02 
9.97 
9.92 
9.86 
CN 
5.555 
5.584 
5-606 
5.624 
5.640 
5-653 
5;664 
5.674 
5 683 
5.691 
5.698 
5,705 
5.710 
5.716 
5.720 
5.725 
5.729 
5.732 
5.736 
5.739 
5.742 
5.744 
5.746 
5.749 
5.750 
5.752 
5.753 
5.755 
5.756 
5.757 
5.757 
5.758 
5.758 
5.758 
5.758 
5.758 
5.758 
5.757 
5.757 
5.756 
5.755 
5.754 
5.752 
5.751 
5.749 
5.748 
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Output data for Fig. 8 (AOCR = 0.015) 
FNET 
(La4  
-00047 
000068 
000093 
000121 
000154 
.00190 
000230 
000274 
000322 
000373 
-00428 
a00486 
-00549 
000614 
000684  
-00756 
000832 
-00911 
000993 
001077 
001165 
001255 
-01347 
-01441 
001537 
001635 
-01734 
-01833 
-01934 
002034 
002135 
002235 
002334 
002432 
-02529 
m02623 
002716 
002805 
002892 
002975 
003054 
003130 
003201 
003268 
003330 
003387 
PRAT 
* 9999 
09999 
9998 
09997 . 9995 
-9993 
9990 
09986 
0 998 1 
-9975 
9967 
09958 
9946 
o 99 32 
-9916 
09898 
9876 
09851 
982 3 
-9790 
,9754 
.9723 
9668 
09618 
-9563 
m9503 
.9437 
-9365 
-9287 
-9204  
09114  
09018 
e8916 
.a807 
8692 
m8572 
8445 
-8312 
08174  
-8030 
m7881 
e7728 
7570 
07408 
07242 
-7073 
DELP 
( P S I  1 
.00060 
000124  
000231 
-00395 
000632 
000964 
001411 
001998 
-02750 
003697 
004869 
006297 
008015 
10062 
12472 
15286 
-18542 
022282 
-26547 
.31378 
-36817 
042905 
049681 
057185 
65453 
74520 
8441 8 
e95176 
1 19365 
1.32 833 
1 o't7233 
1-62570 
1 78844 
1-96050 
2.14175 
2133 199 
2 53099 
2.73845 
2.95398 
3.17717 
3 40754 
3064458 
3.88770 
4013632 
4038978 
i . 0 6 ~ 1 8  
WOQOT 
( LB/ SEC 1 
6677 7 189 E-05 
S5647662E-05 
13033916E-04 
.17033480E-04 
,215434016-04 
,26584054E-04 
32160187E-04 
m38260065E-04 
44 87 5 05 6 E-04 
52009147E-04 
e 5 966 1191 E-04 
-67818546E-04 
7 646292 5E-04 
85606490E-04 
95226658E-04 
10531547E-03 
f1585490E-03 
012683085E-03 
13822301 E-03 
15001033E-03 
16216746E-03 
17467100E-03 
18748964E-03 
020059160E-03 
-21394220E-03 
22 75041 2E-03 
24123676E-03 
2 55 098 70  E-0 3 
026904264E-03 
028302359E-03 
2 96 9 91 5 3 . ~ 0 3  
31089524E-03 
0 32468317E-03 
33 833361 E-03 
.3 51 702 82E-03 
37762570E-03 
39004616E-03 
40203901 E-03 
041 35562 1 E-0 3 
42455333E-03 
-43498742E-03 
444 82 024 E-03 
-45401676E-03 
462 5458 9E-03 
e4703811 8E-0.3 
.36482769~-03 
DT 
( I N )  
-0050 
-0060 
0070 
moo80 
00090 
.o 100 
.0110 
00 120 
-0130 
-0 140 
00150 
00 160 
0 170 
-0 180 
00190 
00200 
-0210 
00220 
0230 
00 240 
00250 
m0260 
00270 
-0280 
00290 
-0300 
-0310 
-0320 
0330 
-0 340 
0.0350 
00360 
0370 
00380 
-0390 
00400 
04 10 
00420 
0430 
e0440 
0450 
00460 
0 0470 
-0480 
0490 
-0500 
FLTOTP 
( P E R C E N T  1 
10 8 4  
10.75 
10 68 
1 0 - 6 3  
10 0 59 
10.56 
10.53 
10.51 
10 49 
10.47 
19.46 
10.44 
10 43 
10.42 
10 41 
10 040 
10 40 
10.39 
10.38 
10.38 
10 37 
10 036 
10.36 
10.35 
a10.35 
'$0.35 
io 3 4  
10 ;14 
10.33 
10 33 
100  32 
10.32 
10. 31 
10.31 
10. 30 
10 30 
10.29 
10.28 
1 0 0 2 7  
10m.26 
10.25 
10.24 
10.22 
10.21 
10.19 
10.28 
CN 
5.555 
5.584 
5.606 
5.625 
5.640 
5.653 
5.665 
5.675 
5.683 
5.691 
5.699 
5.705 
5.711 
5.716 
-50 721. 
5.726 
5.730 
5.734 
5.738 
5.741 
5.744 
5.747 
5.750 
~ 5.752 
5.755 
5.757 
5.759 
5.761 
5.762 
5.764 
5.765 
5.767 
5.768 
5.769 
5.770 
5.771 
.So 771 
5.772 
5.772 
5.773 
50-773 
5.773 
5.773 
5.773 
5.773 
5.773 
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Output data for Fig. 8 (AOCR = 0.0201 
FNET 
( L B )  
000047 
000068 
-00093 
.00121 
-00154 
.00190 
-00230 
000274 
900322 
003 73 
-0042 8 
,00487 
.00550 
000616 
000686 
000759 
o0083t 
000917 
.010QO 
-01087 
001178 
-01271 
-01367 
0 1466 
-0.15 6 7 
-01671 
001778 
001886 
-01996 
0021C8 
00222 1 
002336 
-02451 
-02567 
-02683 
-02799 
,02915 
-03030 
e03145 
003258 
-03369 
e03478 
,03586 
-33690 
,03792 
,03890 
PRAT 
09999 . 9999 
09999 
e9997 
9996 
09994 
09992 
09989 
-9986 
09981 
,9976 
e9969 
9962 
09953 
9942 
e9930 
e9915 
09899 
99881 
09860 
9837 
09811 
e9782 
09750 
09714  
96 76  
9633 
e9587 
09537 
09483 
e9424 
-9362 
09295 
09223 
09147 
e9066 
e8981 
08890 
8795 
08696 
e8592 
e8483 
8370 
e8253 
.8131 
,9998 
DELP 
( P S I  1 
-00033 
.00070 
oC.0130 
moo222 
000356 
-00542 
000794 
,01124 
0 1548- 
002081 
002742 
-03548 
004519 
005676 
007041 
-08634 
10483 
o1261P 
o 150.4 1 
m17802 
020918 
024417 
028327 
-32673 
.3i'.,P? 
42 781 
-48597 
.549 54 
061875 
m693 86 
-77507 
e86258 
095658 
1.0572 1 
1.16462 
1.27891 
1.40017 
1.53845 
1.66376 
1.80609 
1 e-9 554 1 
2.11161 
2.27459 
2.4442 1 
2.62027 
2.80254 
WOOOT 
tLB/SEC 1 
.66135316E-O5 
95694775E-05 
13044370E-04 
m17041147E-04 
021554164E-04 
-26589393E-04 
0321 76277E-04 
03 8276549E-04 
44 9 140 64.E-0 4 
52063551 E-04 
. -59748139E-04 
..67936462€-04 
o76651555E-04 
85863754E-04 
955 833 08E-04. . i 0 5 7 9 0 6 8 ~ - 0 3  
11 6486 83E-93 
12766326E-03 
.13930289E-Q3 
15139867E-03 
,16393100E-03 
1 76 8 8 7 1 2 E-03 
. -19025123E-03 
2 040005 1 E-03 
21 81 1433 E-Q3 
2 32 5 692 8E-03 
024734333E-03 
o2624033lE-03 
277722 43E-0 3 
.2 9326958E-03 
o30908976E-03 
32490915E-03 
340928 10E-03 
3 5702 867E-03 
037316935E-03 
3 8930896E-03 
40 5403 0 8E-03 
.42140718E-03 
-43 72 764  8E-0 3 
45296454E-03 
46842 645E-03 . 4 83 6 1509 E- 03 
-49848536E-03 
51299398E-03 
52 70951 6E-03 
54074771 E-03 
DT 
(IN) 
o0050 
0060 
e0070 
0080 
o0090 . 0100 
00 110 
00120 
130 . a140 
00 150 
0 160 
-0 170 
c 0 180 
-0 190 
00200 
00210 . 0220 
00230 
00240 
-0250 
a 0260 
o0270 
00280 
-0290 
00300 
00310 
0320 
'90330 
00340 
00350 
-0360 
00370 
-0380 
00390 
0400 
004 10 
0420 
00430 
0440 
00450 
0460 
-0470 
00480 
00490 
-0500 
FLTOTP 
-(PERCENT) 
10 084 
10.75 
10.68 
10 63 
10 59 
10 56 
10 53 
10.51 
10 049 
10 47 
10 946 
10 44 
10.43 
10.42 
10 041 
10 c 40 
10.40 
10.39 
10.38 
10.38 
10.36 
18.36 
10 35 
10.35 
10.35 
10.34 - 
10 34 
10-33 
10.33 
10.33 
10.32 
10.32 
10.32 
10.31 
10.31 
10.31 
10 0.30 
10.30 
3.0 29 
10.29 
10.28 
10.28 
10.27 
10 27 
10.26 
.10.*-37 
CN' 
5.555 
5.584 
5.606 
5.625 
5.640 
5.653 
5.665 
5.675 
,5.. 6 8 4  
5.692 
5.699 
5.705 
5.711 
5.717 
5.722 
5.726 
5.731 
5,735 
5.738 
5.742 
5.745 
5.748 
5.751 
5.754 
5.756 
5.759 
5.761 
5.763 
5.765 
5. 767 
5.768 
50770 
5.771 
5.773 
5.774 
5.775 
5. 776 
5.777 
5.778 
5.779 
5.780 
5.781 
5.781 
5.782 
5.782 
5.782 
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Output data for Fig. 8 (AOCR = 0.030) 
FNET 
( L B )  
-00047 
-00068 
-00093 
.00121 
000154  
-00190 
000230 
-00274 
000322 
000374 
000429 
900488 
-00551 
-00617 
-00688 
000762 
-0084C 
-00921 
-01006 
-01095 
-01  187 
001282 
-01381 
e01484 
901589 
001698 
-01810 
-01'325 
-02043 
iJ2 1 6 4  
002287 
002413 
002541 
-02672 
002804  
-02939 
903075 
-03213 
003352 
003492 
003633 
003775 
003917 
004059 
e04201 
004343 
PRAT 
.9999 
.9999 
09999 
09999 
9998 
m9998 
-9997 
e9996 
.9995 
09993 
,9991 
09989 
9986 
m9983 
.9979 
09974 
9968 
m9962 
.9955 
-9946 
.9937 
09927 
09915 
09902 
e9887 
-9871 
09853 
09834 
09812 
09789 
9764 
09736 
-9706 
96 7 4  
9640 
-9603 
99564 
99521 
99477 
49429 
9378 
09325 
99268 
99209 
9 146 
09081 
DELP 
( P S I )  
-00016 
000031 
-00057 
e00099 
-00158 
-00241 
-00353 
-00499 
000688 
000925 
001220 
-01578 
002011 
002527 
003136 
903849 
04676 
-0672C 
-09365 
10944 
14687 
-16876 
005629 
-07962 
12713 
19298 
,21966 
,24894 
-28098 
-31592 
a35391 
-39509 
-43961 
048760 
-53921 
59456 
.65378 
,71700 
78433 
085587 
-93173 
lo01198  
1.09672 
1.18601 
lo27989  
1.37842 
WODOT 
(LB/SEC. 
-70147659E-05 
.13064449E-04 
2 154 8269E- 04 
.32188342E-04 
382 92394E-04 
-4493 5271 E-04 
.52 I 0 3 6  88E-0 4 
- 5  9 h l  0039E-04 
.68027857E-04 
96052 955 E-0 5 
17047160E-04 
a26593207E-04 
76769952E-04 
-86051292E-04 
95831020E-04 
10613237E-03 
-11694251E-C ' 
.14009307E-03 
m12826898E-03 
152 41 4 9  8 E-0 3 
16522358E-03 
17850463f-03 
-19226920E-03 
20650473 E-0 3 
2 2 1 1 891 4E-03 
23631 9%6E-03 
.25188088E-03 
.26 786048E-0 3 
2 842 4452 E- 03 
-30 10 1 7 0  1 E-0 3 
3 181 575 7E-03 
933 565322 E-0 3 
- 3  5347803E-03 
-39003914E-03 
42  7652 3 8 E- 03 
.44678924E-0 3 
37 161 53 5 E-0 3 
940872 622E-03 
-466  11 132 E-03 
-48558754E-03 
,5051 8604E-03 
52 4 8762 3 E-0 3 
54462603 E-03 
-56440021E-03 
58416547E-03 
-60388334E-03 
D T  
( I N )  
e0050 
e0060 
0070 
.0080 
0090 
.0 100 
.0110 
.o 120 
-0130 
-0 140 
e0150 
-0 160 
e0170 
.o 180 
-0190 
.0200 
00210 
.0220 
e0230 
e 0  240 
.0250 
-0 260 
a0270 
-0280 
-0290 
-0300 
e0310 
-0 3 20 
0330 
a 0  340 
,0350 
-0360 
a0370 
.0380 
.0390 
wO40C 
-0410 
-0420 
0430 
eG440 
-0450 
90460 
0470 
e0480 
0490 
e0500 
FLTOTP 
( P E R C E N T )  
10.84 
10.75 
10.68 
10.63 
10 59 
10 55 
10.53 
10.51 
10.49 
10.47 
in.46 
10.44 
10.43 
10.a2 
10.41 
10 -40  
10.40 
10.39 
10 38 
10.38 
10.37 
10.36 
10.36 
10.35 
1U.35 
low35 
10.34 
10.34 
10.34 
10.33 
10.33 
10.33 
10.32 
10.3% 
10.32 
10.31 
10.31 
10.31 
10.31 
10 30 
10 30 
10.30 
10.30 
10 e29 
10.29 
10.29 
C N  
5.555 
5.584 
5.606 
5.640 
5.625 
5.653 
5.665 
5.675 
5.684 
5.692 
5.699 
5.705 
5 e - t l :  
5.717 
5.721 
5.727 
5.731 
5.735 
5.739 
5.742 
5.746 
5.719 
5.752 
5.755 
5.757 
5 760 
5.762 
5.764 
5.767 
5.769 
5.770 
5.772 
5.774 
5.7 '6  
5.777 
5.779 
56780 
5.781 
5.783 
5.784 
5.785 
5.786 
5.787 
5.788 
5.789 
5.790 
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FNET 
( L E )  
-00047 
-00068 
00GOY3 
-00121 
000154 
000 190 
-00230 
i o 0 2 7 4  
-00322 
003 74 
000429 
000488 
moo551 
000618 
000689 
-00763 
000841 
000923 
-01009 
-01098 
-01192 
001288 
001389 
-01493 
001601 
-01712 
001827 
001946 
e02068 
002193 
e02322 
-02452, 
0 2 5i3 0 
a02728 
002870 
003015 
-03163 
003314  
003468 
03624 
e03783 
003945 
004109 
e04276 
004444  
-04615 
PRAT 
09999 
0 799 
-9Y99 
0 9999 
09999 
0 9999 
09999 
0 9998 
09998 
0 9997 
09997 
o 9996 
09995 
0 9993 
a9992 
9990 
09988 
9986 
,9983 
9980 
.9977 
9973 
09969 
9964 
09959 
0 9953 
09946 
0 9939 
09931 
9923 
-9913 
9903 
-9892 
9880 
-9867 
0 9853 
e9838 
9822 
-9805 
9787 
09767 
9746 
-9724  
9701 
,9875 
,9650 
DELP 
( P S I  1 
-00005 
000011 
.00021 
moo035 
e00056 
-00086 
000127 
-00179 
-00248 
000333 
-00439 
-00568 
-00724 
-00911 
oO1130 
e01387 
-01686 
e02031 
002425 
02 875 
.033a3 
003957 
.04600 
-05318 
006117 
007001 
007977 
-09052 
-10230 
-11518 
12923 
14450 
-16106 
17899 
-19835 
-21920 
-24162 
a26567 
e29142 
-31893 
3482 8 
.37954 
-41276 
-44802 
-48538 
52 490 
WODOT 
(LB/SEC 1 
68546552 E-05 
9693 91 85 E-05 
13233597E-04 
17167519E-04 
21 47783 8E-04 
2 6627260E-04 
32 2 156 71  E-04 
3 832 9433 E-04 
44 99 12 7 0  E-04 
.52154420E-04 
.59852261E-04 
6 8090683 E-04 
76 833683E-04 
86149313E-04 
.95936037E-04 
.11718432E-03 
.12858024E-03 
.14049889E-03 
.15292617E-03 
106302726-03 
-16587225E-03 
1 793 5 0 9 1 E-03 
m19333384E-03 
2 07 805 75 E-03 
22280804E-83 
23829603E-03 
o25427324E-03 
27075407E-03 
.28770887E-03 
.32 30587 9E-0 3 
,34141796E-03 
,36024045E-03 
.39923343E-03 
30514523E-03 
37951480E-03 
e 41 93 770 1 E-03 
43 99400 8E-03 
.46091062E-03 
4822793 8E-0 3 
5 040 191 2 E-03 
52 613 8 8 1 Ed03 
e 54860907E-03 
-57 142335E-03 
5 94552 3 1 E-03 
.61799398E-03 
641 72456E-03 
DT 
( I N )  
-0050 
0060 
00070 
0080 
-0090 
.o 100 
.o 110 
.0120 
e 0  130 
0 140 
00 150 
00160 
-0 170 
.0180 
-0 190 
.0200 
*0210 
.0220 
-0230 
0 240 
-0250 
-0260 
a0270 
-0280 
.@SO 
-0300 
00 3 10 
m0320 
-0330 
0340 
e0350 
-0360 
-0370 
-0380 
oG390 
0400 
e0410 
0420 
a0430 
.0440 
-0450 
0460 
e0470 
0480 
e0490 
0500 
FLTOTP 
( P E R C E N T  1 
10 .84 
10.75 
10.68 
10.63 
10.59 
10.56 
10.53 
10.51 
10 -49 
10.47 
10 -46  
10 44 
10 e43 
10 42 
10 -41 
10 40 
10 -40 
10 39 
10.38 
10 38 
10.37 
10.36 
10.36 
10 35 
10 -35 
10.15 
10 -34  
10 3 4  
10.34 
10.33 
10 -33 
10 33 
10.32 
10 32 
10 032 
10.32 
10.31 
10.31 
10.31 
10 31 
10.31 
10 30 
10 -30 
10.30 
10. 30 
10.30 
CN 
5.555 
5.584 
5.606 
5.625 
5a.640 
5.653 
5 r 6 6 5  
5.675 
5.684 
5.692 
5.699 
5.705 
5.711 
5.717 
5.722 
5.727 
5.731 
5.735 
5.739 
5.743 
5.746 
5.749 
5.752 
5.755 
5.758 
5.760 
5-763 
5.765 
5.767 
5.770 
5.772 
5.773 
5.775 
5.777 
5.779 
5.780 
5.782 
5.783 
5.705 
5.786 
5.788 
5.789 
5.790 
5.791 
5.792 
5.793 
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IX, List Print fer Fig. 9 
GAMMA=1.401 
PA=O 
P I = 3 . 1 4 1 6  
R=55 .16*12 .  
G O r 3 8 6  06 77 
ARTGEOZ50  
S IGDEGZ75 .  
C V = 4 2 9 0 .  
AOC R=. 00 15’ 
-FREF = .00 19063 
DT=.010 
TO=25  
C N I N  I T = 6  
PRAT I T = . 9 5  
READ 1 POM I I\) POMAX POL EN, P O I  NC 9 F P E R P N  FPE RMX F PER LN F PE R I  C 
FORMAT(ZF10 .5  9F5.1,FlO. 592F10.7, F5.1, F10.7) 
READ 2 , 0 X , D Y , D L X , D L Y , D L T + D P t X S F f Y S F  
1 
2 FORMAT(bF5 .1 ,2F10 .0 )  
X M I N = P OM I N 
XMAX =POMAX 
XLEN=POLEN 
X I N C - P O I N C  
YMIN=FPERMN 
YMAX=FPFRMX 
Y L E N = F P E R L N  
Y I N C  =F P E R I C  
X L (  J.)=XMIN*XSF 
Y L (  l ) = Y M I N * Y S F  
D I N E N S  ION X L ( 6  , Y L ( 8 )  
XPOSX.=XM IN-  ( ( DX / 2 1 * l* X I  MC 1 
YPOSX=YMIN-( .2*YINC) 
XPOSY=XM IN- (  ( DY+ 1 
YPOSY=YMIN-( .OS*YINC) 
C A L L  
DO 1000 ICAN=1,5  
DO 1001 JCAN=1,7 
DL=O. 
DO 4 I C A N = 1 , 6  
C A L L  P L O T ( 9 0 ,  ( X P O S X + ( D L s X I N C )  1 t Y P O S X )  
C A L L  
* I’KX I NC 
P L O T (  lO l ,XMIN,XMAX ,XLEN,XINC,YMIN, YMAX,YLEN C Y  I N C  1 
1000 X L  ( I C  A N + l )  = X L  ( I C A N  1 + ( X I  NC*XSF 
1001 YL(JCuN+l)=VL(JCAN)+(YINC*YSF) 
CHAR ( l ,O . IpO ,XL ( I C A N )  1 
3 FORMAT (F4.0) 
4 D L = D L + l .  
DL=O. 
DO 6 JCAN=1,8 
C A L L  PLOT(90 ,XPOSY,  (YPOSY+(nL?6YINC)  1 )  
C A L L  C H A R ( l , O e l p O ? Y L ( J C 4 N ) )  
5 FORMAT ( F5.2 
6 D L = D L + l .  
C A L L  
C A L L  CHAR(4,O. 1,O,AOCR 1 
P L O T  ( 9 0, ( X M I N+ ( 5‘2 X I NC ) 1 ( YM A X+ ( a 1 X‘Y I NC 1 1 
7 FDRMAT(9HAO X CR = ,F7 .4 ,1XZHIN)  
C A L L  
C A L L  C H A R (  1,O. 1 ,OvDT)  
P L O T ( 9 0 ,  ( X M I N + (  . 5 * X I b l C )  1 ,  (YMAX+(  . 3 * Y I N C ) 1  1 
8 F O R M A T ( 4 H D T  = , F ~ . ~ , ~ X ~ H I B J !  
C A L L  
C A L L 
P L O T  ( 9 0 r  ( X M I N + (  5”’XINC 1 )  * ( YCAX+( 5*Y I N C  
C’H AR ( 0 9 0 1 , 0 ! 1 
9 F C R M A T ( 1 9 H N I T R O G E N  P R O P E L L A N T )  
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- .. --. C A L L  ..PLOT(PO, ( X M I N + (  3 . *x INC!  1 ,  I YMAX+(. 1 * Y I N C  1 ' )  
C A L ~  CHAR L p. ,o. I,O ,ARTGEO I 
10 F O R M A T ( 1 2 H ( A E / A T ) G E O  =tF5.1)  
C A L L  PLOT(90,(XMIN+(3.*XINC)),(YMAX+(.3*YINCL!j 
C A L L  C H A R (  L ~ O . ~ , O T S I G D E G )  
11 F O R M A T ( 7 H S I G M A  = tF5.1)  
C A L L  P L O T ( 9 0 t 1 X M I N + ( 3 . * X I N C ) ) , ( Y M A X + ( r 5 * Y I N C ) ) )  
, C A L L  C H A R ( l , O m l t O , F R E F )  
'111 F O R M A T ( 6 H F R E F  = r F 1 0 , 7 t l X 3 H L B . )  
C A L L  
1 ) )  ' 
C A L L  CHAR (0 ,O . l rO  
C A L L  P L O T ( 9 0 , ( X M I N + ( ( X M A X - X M I N - ( ~ L T * . 2 ~ X I h C )  ) / 2 . ) ) ,  (YMAX+(  ( ( . 2 * n P )  
C A L L  CHAR (0 ,0.2*0 1 
P L O T ( 9 0 , ( X M I N + (  ( X M A X - X M I N - ( D L X * . l * X r N C )  )/2. 1 1 ,  (YMIN- ( .5 *Y : lNC)  
12 FORMAT ( 2HPO 1 
1 + . 3 ) * Y I N C ) ) )  
13 F O R M A T ( 2 8 H M E T  THRUST VS I N L E T  PRESSURE)  
C A L L  PLOT ( 90 9 ( X M I N- ( ( DY + 2 *.a l * X  I NC 1 1 9 ( Y M I N +  : Y PA X-Y M I N  -(.DL Y * c I *'I I M 
l C ) ) / Z . ) )  
C A L L  CHAR(O,O.1,1) 
14 F O R M A T ( 2 7 H N E T  THRUST/REFERENCE THRUST)  
N2 =6 
N3zN.2-1 
F L O N 3  =N3  
MAX 1=20 
M A X 2 = 2 0  
MAX 3 = 2 0 
EPS1=.001 
EPS2= 00 1 
EPS3=.OO 1 
P R A T = P R A T I T  
FGAM=(GAMMA+l. ) / ( G A f 4 P A - l .  1 
T R = ( 9  . * T 0 / 5  )+491 60 
P R I N T  1 5 t T O  
P R I N T  150 
P R I N T  1 5 1  
15 FORMAT ( lH1 ,4X231 iGPS '  I N L E T  TEMPERATURE = )  F 6  e 1  f 1 X5HDEG C 1 
150 FORMAT(5X3@HFREF=~0019C!.63 LRS.  ( P c ) - 1 5 P S I  1 )  
1 5 1  FORMAT ( 5 X 1 4 H F P E R = F N E T / F R E F )  
P R I N T  1 6 ~ 8 0 S R  
P R I N T  1 7 t D T  
P R I N T  1 A i A R T G E O  
P R I N T  1 9 p S I G D E G  
P R I N T  2 0  
20 F O R M A T ( / / / )  
P R I N T  2 1  
16 FORMAT(5X"+!A(3 X CR =,F7.47 1 X 3 H I N 2  1 
17 FORMAT(5XP4HMOZZi -E  THROAT D I A M E T E R  =,F7.4, l .X2HlN)  
1 8  F O R M A 4 ( 5 X l 9 H N O Z Z L E  AREA R A T I O  ~ 7 F 7 . 2 )  
19 F O R M A T ( 5 X 1 9 H N O Z Z L E  HALF-ANGLE r>,F5. 1, I X 3 H D E G )  
2 1  FORMAT ( 1 X 7 H P O (  P S I  193X4HFPEF.  ,5XRHFNET(  L R )  (4XFIHFYAX (LFI 1 ,%X7HPC ( P S I  1 ,  
' 14X13HWODOT(  L B / S E C  ) ,5X2HCNr  / 1. 
RT=DT / 2 
A T = P I X < ( R T * * Z )  
A E = AR T G E 0 *A T 
RE=SORTF ( A E / P  I 1 
DE=RE*'2. 
SIGMA=(SIGDEG/360.)*2,*PI 
S L = ( R E - R T ) * C O S F ( S I G ~ ' . i ) / S I N F ( S I G M A )  
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PO=PoI~I I I \ !  
C PC= ( ( GAMNA- 1 
I N l = O  
22 FPRAT= (PRAT:*;k 
DO 59 !.=1fb12 
1 PC 
D F P R A T = ( ( ( 2 . -  
1 ( ( 1 -GAMMA / G  
I N  1 =IN 1+ 1 
P R A T N z P R A T - ( F F R A T / D F P R A T )  
I F ( S E N S E  S W f r C H  2 1 2 3 7 2 5  
PR I b1 T 2 3 
2 4  FORMAT ( 2 X 7 H F P R A T  
= 9 I 4 
2 5  I F ( A B S F ( P R A T N - P R A T ) - E P S ~ ) ~ ~ T ~ ~ T ~ ~  
2 4 T F ['RAT' 9 DF PR A T T P R A T N T I N 1 
= T E 1 5  - 8  9 SXRHDFPRAT = T E 1 5  - 8  t 5 X 7 H P R A T N  = T F  15 e 8  7 5 X 5 H  
1 I N  1 
2 6  PRAT=PRATN 
I F \ I'.IAX 1- I N 1 ) 2 7 T 2 7 T 2 2 
2 7  P R I N T  289 :'RAT 
2 8 F ORMAI' ( 2 X 4H I T ER A T  I ON L I M I T E XC E E  D F: D 5 X 1 2  HPC / P i l (  D I V 
2 9  PRAT=PRATN 
P C = P R A T:; P O 
IJOUOT =AflCR::;PO* ( PRAT*:): ( 1. /GAMMA 1 *SORT F ( ( 2 .gC,O/ (R *TR ) :* ( GAMMA/ ( G  AMM 
= T E 1 5.8 
1 A- 1 I ': ( 1 - ( PR A T * o  ( ( G AHMA- 1 /GAMMA 1 
ART E RLl= 5'. ARTGEO 
CN=CN I NI T 
I N 3 = 0  
30 I N 2 = 0  
11\13 = I b!3+ 1 
C 1 = ( GAMMA+ 1 
CZ=(GIWMA-1 . ) /2 .  
C 3= ( ( G AMNA+ 1 e 1 / 2 
/ ( 2 * ( GAMMA- 1 1 
g*C 1 
31 F C N = C 3 * C N * ( ( l . + ( C 2 * C ~ l * C N ) ) ~ ~ ' ( - C 1 1 ) - ( 1 . / A R T ~ R ~ )  
DFCNSC 3* ( 2. *CZ*CN*CN';'( - C 1 )  a'( ( 1 +( CP*CE\I*CN 1 ** ( - C l - l e  1 1 + ( ( 1 + ( C2*CN 
1 * C N )  ) * * * ( - C l )  1 )  
C NN =C N- ( F CN / DFC N 
I N  2= I h!2+ 1 
I F ( S E N S E  S N I T C H  2 1 3 2 1 3 4  
PR I N T  ' 33 7 FCN 9 CY'CN 9 C NN 9 I M2 
F 0 R MA T ( 2 X 5 H F CN 
32 
3 3 
34 I F ( A B S F ( C N N - C N ) - E P S 2 ) 3 8 , 3 3 5  
= 9 E 1 5 8 T 5 X 6 H D F C  N = 9 E 1 5 8 T 5 X 5 HC I\lY = 9 E 1 5 9 T 5 X 5 H I N 2 = T 
114) 
3 5  CN=CNN 
I F ( M A X 2 - 1 N 2 ) 3 6 ~ 3 6 ~ 3 1  
36 P R I N T  3 7 t C N  
37 FORMAT(  2 X 2 4 H  I T E R A T  I ON L I M I T  FXLEEDEDT 5 X 9 H M E  ( D  I:/ = ,E  15.8 
3 8  CN=CNt\I 
TRAT= I. e +  ( ( GAMMA-1 1 *CN*'C "4 /  2 1 
UU=( 2 . e 2 7 0 E - 0 8  I * (  TR** ( 1 ;  2 1  
RENOU=(CNfbO)*SQRTF( ' ,AMblA/(  (GAMMA-1. ) *CV*TR)  ) * ( T R A T * * ( ( 6 A M M A - 2 . ) r (  
/ (  TR+ lY8 .6  1 
l G A M b l A - l . ) ) ) * ~ ( ( T R ~ J ' ~ A T ) + 1 9 8 . 6 1 / ( T R + 1 9 8 . 6 ) )  
R E NO = 1 2. *R E NOU* S 1 ,.tPC 
D E L T A = . 6 4 5 * S L / S O R T F ( R E N O )  
IF (CN-6 .5 )39 ,3 ; r+v  
DEL S T R =DE 1. T A * ( - 0 00 2 2 * C N* * 6+ 0 0 6 7 1 I.i N** 5- 0 7 6 1 08 CN >x *4+ 3 97 7 0 * CN *9 3 3 9 
1 - .30876*CN**2 t  9 9 2 3 0 * C N + 2  28324 ; 
GO T O  45 
40 I F ( C N - 7 . 5 ) 4 1 ~ 4 1 ~ 4 2  
41 OELSTR=DELTA*(8.6*CN-25.3)  
GO TO 45 
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42 
43 
44 
45 
46 
47 
4 8  
49 
50 
5 1. 
52 
53 
54 
I F  (CN-9.0 1 4 3  T 43 t 44 
DELSTR=DELTA*(lO.O*CN-36.4) 
DEL STRZDE L T A *  ( I C ,  9*C N - 4 4  4 1 
GO T O  45 
REE FF=RE-DELSTR 
I F ( R E E F F ) 5 8 , 5 8 , 4 6  
ARITER=(REEFF**Zl/(RT**Z) 
I F ( S E N S E  S W I T C H  2 1 4 7 9 4 9  
P R I N T  ~ ~ T A R T E R O ~ A R I T E R T I N ~  
FORMAT(ZX8HARTERO =,E15.8,5XBHARITER = T E ~ ~ . R T ~ X ~ H I N ~  = ~ 1 4 )  
I F ( A B S F ( A R T E R O - A R I T E R ) - E P S 3 ) 5 4 , 5 4 1 5 Q  
T F ( M A X 3 - I N 3 ) 5 2 t 5 2 ~ 5 1  
ARTERO=(ARTERO+ARITER;/Z. 
GO TO 30 
P R I N T  5 3 9 A R I T E R  
F U R M h T ( 2 X 2 4 H I T E R A T J O N  L I M I T  E X C E E D E D T ~ X ? ~ H A R T E R O ( D I V )  =9E15.R 1 
S I G E F F = A T A N F ( R E E F F ,  S L )  
P E = P O * ( ( l . + ( (  ( G A M M ~ - l . ) / ~ . ) * C N * C N ) ) * * ( - G A M M A / ( ~ A I ~ M A - J . . ) ) )  
TE=TR/TRAT 
CE=SQRTF (GO*GkMMA*R*TE 1 
V E =C E *C N 
CFP=PE*ARITER*GO*AT/(WODOT*VE) 
V E F = V E / l Z .  
FP=(l.-.5*(1.+COSF(SIGEFF) 1 ) / ( l . + C F P )  
F M A X = P C * A T * S Q P T F ( 2 . * G A A M A * G A M M A a k ( ( 2 a / ( G A M M A + l .  ) ) * * F G A M ) / ( G A M M A - l .  ) 
FDEL=2 . * (RE- (DELTA/2 .  1 ) * D E L ' t A / (  (RE-DELSTR ) * ( R E - O E L S T R  1 )  
1) 
J.-((PE/PC)**( (GAMMA-l . ) /GAMMA) 1 )  ) + ( ( P E - P A ) * A R I T ? R / P C )  
CF=SORTF ( ( ( 2. *CAMMA*GAMMA) / ( GAMMA-1 e ) )* ( ( 2 e /  (GAI"IMA+ 1 1 )**FGAM 1'2 ( 1 
FTHEOR=CF*PC*AT 
FN=(FMAX-FTHEOR) /FMAX 
F L T O T = l . - (  (l.-FP)*(le-FDEL)*(l.-FN) 1 
F N E T = F M A X * ( l . - F L T O T )  
P R I N T  
FORMAT( 1X 9F6 .192X ~ F 7 . 4 9  2X~F1.,.79 2 X t F l 0 . 7 t 2 ~ ~ F 7 . 3  T ~ X  t E 1 5 . R t  2 Y t F 7 . 3  ) 
I F  ( F  PERMX-FPER 1 5 8  t 5 8  956 
56 I F ( F P E R - F P E R M N ) ~ R T ~ ~ , ~ ~  
5 7  C A L L  P L O T ( 9 0 t P O t F P E R )  
58 PO=PO+((POMAX-POMIN)/FLON3) 
59  C O N T I N U E  
F P E R = F N E T / F R E F  
55 9 P O t F P E R  ( F N E T t  FMAX t PC t WOOOTt CN 
55 
r ~3 =o 
C A L L  P L O T ( 9 9 )  
END 
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X. Output Data for Fig. 9 
GAS INLET TEMPERATURE = 25.0 DEG C 
FREF=.0019063 LBS. (PO=15PSI) 
FPER=FNET/FREF 
A 0  X CR = .0015 IN2 
NOZZLE - . i R O A T  DIAMETER . O l O O  I N  
POZZLE AREA RATIO = 50.00 
NOZZLE HALF-ANGLE = 25.0 DEG 
PO(PS1) FPER FNETfLB) FMnX(L8) PC( P S I  1 YODOT(LR/SEC) CN 
10.0- e6656 e0012688 .(?014210 90993 .17772703E-04 5.599 
15.0 1.0000 .0019063 *0021314 14.990 -26591274E-04 5-65? 
20.0 1.3345 e0025439 .0028420 19.987 -35445406E-04 5.686 
25.0 1.6690 -0031816 .0035524 , 24.983 e44306763E-04 50709 
30.0 2.0035 -0038193 so042630 29.980 .53168111E-04 5.727 
35.0 2.z380 .OO 445 7 1 -0049735 34.977 .62029470E-04. 5074(! 
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XI. List Print for Fig. 10 
GAMMA= 1 40 1 
P 1=3 14 16 
R = 5 5 * 1 5 * 1 2 .  
GO=3 86.0677 
PA=Oo 
T O = 2 5  
P 0 = 1 5  
T R = ( 9 . * T 0 / 5 * ) + 4 9 1 . 6 9  
C V z 4 2 9 0 .  
AOCR=.OO 15  
DT=.010 
S I G M I N = l . 5 .  
S IGMAX=$O. 
C N  I N  I T = 6 .  
P R A T I T = * 9 5  
READ l ,ARTGMN,ARTGMX,ARTGLN,APTGIC,FPERMN,FPERMXtFPERL~,FPERI~ 
READ 2,DX,DYtDLX,DLY,DLTiDP,XSFIYSF 
1 F O R M A ~ T ~ 2 F 1 0 . 5 ~ F 5 . 1 ~ F 1 0 . 5 , 2 F 1 0 . 7 r i 5 ~ 1 ~ F 1 0 ~ 7 )  
2 FORMAT(6F5.1,ZFlO.O) 
XMIN=ARTGMN 
X M A X= A R T GM X 
XLEN=ARTGLN 
X I N C = A R T G I C  
Y M I N  =F P E RMN 
YMAX=FP€RMX- 
Y L EN =F P E R L N  
Y I N C = F P E R I C  
X L ( l ) = X M I N * X S F  
Y L ( l ) = Y M I N * Y S F  
XPOSX=XMIN- (  (DX/2.  I* .  l * X I N C )  
YPOSX=YMIN- ( .Z%YINC)  
D I M E N S I O N  X L ( 6 )  r Y L ( 8 )  
XPOSY=XMIN-(  f D Y + l .  ) * . l * X l k C )  
Y P O S Y = Y M I N - ( * 0 5 * Y I N C )  
C A L L  P L O T  ( 10 1 t XM I N XMA X X L  EN X I NC YM I N  YW A X 9 Y L E  N Y I N C  ) 
DO 1000 I C A N = l i 5  
DO 1001 3 C A N = l r 7  
DL=O 
DO 4 I C A N z l r 6  
C A L L  PLOT(90,(XPOSX+(DL*XINC)),YPOSX) 
C A L L  C H A R ( l , O . l r O , X L ( I C A N ) )  
FORMAT ( F5 e 0  1 
1000 XL(ICAN+l)=XL(ICAN)+(XINC*XSF) 
1001 Y L (  J C A N + l ) = Y L (  J C A N ) + ( Y  I N C * Y S F )  
3 
4 D L = D L + l .  
DL=O 
DO 6 JCAN=1,8  
C A L L  P L O T ( 9 0 , X P O S Y . ( Y o O S Y + ( D L ~ Y I M C ) )  1 
C A L L  CHAR ( 1 9 0  190 ,YL ( J C A N )  1 
5 F O R M A T ( F 5 . 2 )  
6 D L = D L + l .  
C A L L  P L O T ( 9 0 t ( X M I N ~ ~ ( ~ 5 ~ ~ I ~ ! C ) ) s ( \ : F ~ ~ ~ - I ~ ( . l ~ Y I E \ I C ) ) )  
C A L L  
C A L L  P L O T  I 9 0 9 ( X M I N+ ( .5* X I NC 1 1 t ( YM AX+ ( 3 *Y  I IK 1 1 1 
C A L L  CHAR( l ,O . l ,O ,DT)  
C A L L  P L O T ( 9 0 , ( X M I N + ( . 5 % X I N C ) ) , ( Y ~ A X + ( . 5 * Y I M C ) ) )  
C A L L  CHAR(O,O.I,O) 
C H AR ( 1 0 1 9 0 9 AOCR 1 
7 FORMAT(9HAO X CR = ,F7 .5 ,1X2HIN)  
8 F O R M A T ( 4 H D T  = t F 6 . 3 , 1 X Z H I I J )  
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9 F O R M A T ( 1 9 H N I T R O G E N  P R O P E L L A N T )  
C A L L  
C A L L  
PLOT (90, ( X M I W + I  3.QXINC 1 )  
CHAR ( 1 SO. 1 90, PO) 
(YMAX+( . ley  INC 1 )  ) 
10 FORMAT(4HPO = r F 6 . 2 , l X 6 H L H S / I N )  
C A L L  
C A L L  CHAR ( 1,O. 1 9 0  TO 1 
P L O T ( 9 0 ,  I X M I N + ( 3 . * X I N C )  1 1 (YMAX+(. 3 * Y I N C  1 )  1 
21 FORMAT(4HTO = , F 6 . 2 1 1 X l Y C )  
C A L L  P L O T ( 9 0 1  ( X M I N + (  i X M A X - X M I N - ( D L X * . l * X I N C )  ) / 2 e  1 1 ,  
1) 1 
C A L L  CHAR CO,O.ltO 1 
12 FORMAT( l O H ( A E / A T ) G E O )  
YM N-( . 5 *Y INC 
C A L L  P L O T ( 9 0 ,  ( X M I N + (  i X M A X - X M I N - ( n L T ~ ~ . 2 * X I N C )  )/2. ) I t  (YWAX+( ( ( .2*0P!  
1 + . 3 ) * Y I N C 1 1 )  
C A L L  CHAR (010.290 1 
13 F O R M A T ( 3 1 H N E T  THRUST VS N O Z Z L E  AREA R A T I O )  
C A L L  PLOT ( 90 ( X M I N- ( I DY i 2.1 * I.* X I NC 1 1 ( Y M IN+ ( Y MA X-Y M I N  - I nL Y 3' 1 Z Y  I N 
1c 1 ) /2 . ) )  
C A L L  CHAR!S,O.l,l) 
1L. F O R M A T f L 5 H N E T  THRUST/MAXIMUM T H R U S T )  
N?=o 
N2=51 
N5 =N 2- 1 
F L O N 3 = N 3  
N4=N1-1 
FL U N 4 = N 4  
t4AX 1 =20 
M A X 2 = 2 0  
MAX3=20  
E P S  1= 00 1 
EPSZ=.06 1 
E P S 3 =  001 
P R A T = P R k T I T  
S I GDEG=S I GM IN 
FGAM=(GA#MA+l .  / (GAWMA-l .  1 
DO 64 I = l t N L  
P R I N T  15 ,S IGDEG 
15 F O R I V A T ( ~ H ~ , ~ X ~ ~ H N O Z Z L E  HALF-ANGLE = g F 5 * 1 , l X 3 H D ? G )  
P R I N T  150 
PRIPIT 151 
150 F O R M A T ( 5 X 1 6 H F P E R  = FMET/FMAX)  
151 F O R M A T 1 5 X 3 3 H ( A E / A T ) G E D  = GEOMETRIC AREA R A T I O )  
PRI iQT l 6 r A O C R  
P R I N T  l l r D T  
P P I M T  lR,TO 
P R I N T  19 
P R I N T  1 9 C  
16 FORMAT(5XDHAO X CR =,F7.4,1X3HIPJZ) 
17 FORMAT ( 5  X24HNOZ.Z L E THROAT D I A M E T E R  = t  F 7 -4  9 1 X2 H I b! 1 
18 F O A M A T I S X 2 3 H G A S  INLET TEHPERATURE = r F 6 . 1 1 1 X 5 H D ? G  C / / / I  
19 FORMAT(LX4HFPER,  7X6HARTGEO,8X4HFNETp9X4HFPAX) 
190 F O R M A T ( 2 9 X ~ ~ H ( L H ) , 9 X 4 H ( L R ) , / )  
RT=CT/Z  
AT=pIX:  (RTWXZ)  
S I G M A = ( S I G D E G / 3 ~ 0 . ) ~ 2 * ~ ~ ~  
AR,TGEO=ARTGMW 
CO 63 J=J.,N2 
A E = AR l-GEO"-A T 
R E = S Q R i F ( A E / P I )  
DE=RE*'2 
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1 PC 
1( ( l . - G A M M A ) / G A M M A ) + f D R A T ~ ? ~ ~ (  (1 . - (2 .*GAMl?A) ) / G A M Y A l  
D F P R A T = (  ( (2.-( 2.*GAMMAt ) / G A M M A ) * ( P R A T * * (  ( 2 e -  (3.*GAMMA) ) /GAMMA)  1 1 - t  
I N l = I N l + l  
PRATNzPRAT-(FPRAT/DFPRAT) 
I F t S E N S E  SWITCH 2 1 2 1 9 2 3  
P R  I NT :. 1 
2 J  F O R M A T ~ ~ X ~ H F P R A T  = , E l 5 . 8 9 5 X 8 H D F P R A T  = ,E15 .$ r5X7HPRATN = , E 1 5 . 8 r 5 X 5 H  
2  2 9 F P  R A  T  * DF P R A T , P R A  T N  I N  1 
l I N l  =,I41 
2 3  i F i J . B S F ( P R A T N - P k A r i - E P S l ) 2 7 , 2 7 , 2 4  
2 4  PI;AT=PRATN 
I F ( b ! A X l - I N 1 ) 2 5  t G 5 *  20 
2 5  P R I N T  2 6 r P R . T  
2 6  F O R M A T ( 2 X 2 4 H I T k L R A T - O N  L I M I T  E X C E E D E U T ~ X ~ ~ H P C / P O ( D I V )  = t E 1 5 . 8 )  
2 7  PRAT=PRATN 
PC =PRAT*PO 
WODOT =AOCR*PO* ( PRAT%k? ( 1. /GAMMA ) j *SORT F ( ( 2  .;:GO/ ( R*TR 1 I *: GCMY A i ( GA MM 
1A-1. ) ) * ( l . - ( P R A ~ ~ * ( ( G A M M A - l .  ) /GAMMA)  1 ) )  
ART ERO= 5*ARTG EO 
CN=CN I N  I T 
I N 3  =O 
2 8  I N 2 = 0  
I N 3  = I N 3 + 1  
Cl=(GAMMA+l.)/(2.*(GAMMA-l.)) 
C 2 =  ( G  A MM A-1  1 / 2 0 
6 3 a [ ( G A M M A + 1 . ) / 2 . ) * * C l  
FCN=C3+CN*(  I l .+JC2*CN*CN) ) * * ( - C l )  ) - ( l . / A R T E R O )  
DFCN=C3?(Z.*C2*CN*CN*(-C1 ) * (  ( l . + ( C 2 * C N * C N )  ) * * ( - C l - l .  ) I + (  (J . .+ (C2SCN 
2 9  
l * C N ) ) \ k * ( - C l ) I )  
CNN=CN- (FCN/DFCN 1 
I N 2 = I N 2 + 1  
I F ( S E N S E  Sb l ITCH 2 1 3 0 9 3 2  
3 0  P R I N T  3 l ,FCN,DFCNtCNN,  I N 2  . 
3 1  F O R M A T ( Z X 5 H F C N  = T E ~ ~ . % , ~ X ~ H F ) F C N  = r E 1 5 . R r 5 X 5 H C N f i I  = ,E15,8 ,5X5HTYZ = 7  
3 2  IF(ABSF(CNN-CN)-EPS2)36*36,33 
114) 
3 3  CN=CNN 
I F ( M A X Z - I N 2 1 3 4 , 3 4 , 2 9  
3 4  P R I N T  3 5 7 C N  
3 5  F O R M A T ( Z X 2 4 H I T E R A T I O b '  L I H I T  E X C E F n E D , 5 X 9 H M E ( n I V )  = t F 1 5 . R  1 
3 6  CN=CNN 
T R A T = l . + (  (GAMMA-1. )*CF\I*CN/2.)  
UO= ( 2 . 2 7 0 E - 0 8  1 X ' (  T R * * (  3 . /2 .  ) 1 / ( T R + 1 9 8 . 6  1 
RENOU=(CN/UO)*SORTF ( G A W M A / (  (GAMMA-1.  )*CV:kTK 1 ) * (TRAT: ' * (  (GAfdfdA-?. 1 / ( 
RENO=12.*RENOU*SL*PC * ' ' 
l G A M M A - l . ) ) ) * ( ( ( T R / T R A T ) c l 9 8 . 6 ) / ( T ~ + 1 . 9 R . ~ ) )  
DELTA=.645*SL/;ORTF(RENO) 
I F  ( C N - 6  5 1 3 7  9 37 9 3 8  
3  7 DE I. ST R =D EL T  A * ( - 00 0 2 2 8 C Ne 8 6+. 00 6 7 1 *C N * * 5 - . 0 7 6 1 r) K Ed * * 4  + - 3  9 7 70 *C N C a? 
1- 'e  3 0 8 7 6 * C N * * Z +  . 9 9 2 3 0 * C N + 2 . 2 8 3 2 4 )  
GO TO 4 3  
3 8  I F ( C N - 7 . 5 ) 3 9 + 3 9 ~ 4 0  
3 9  D E L S T R = D E L T A *  (8 + 6 * C N - 2 5 . 9  1 
40 I F  ( C N - 9 . ' 0 ) 4 1 9 4 1 , 4 2  
GO TO 43 
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' 1 OELSTR=DELTA* (  1 O . O K N - 3 6 - 4 1  
GO T O  43 
42 OELST !?=DELTA* ( 10 9*CN-44.4 
43 I F ( S E i q S E  S W I T C H  2 1 4 4 1 4 6  
44 P R I N T  45,RENO,RE,SL 
45 FORMAT(ZX6HRENO = T  €15 .8  9 5 X 4 H R E  =,E15. 8, 5 X 4 H S L  =, E 1 5  .F!) 
46 REEFFzRE-DELSTR 
4 7 A R I T E R = ( R E E F F:c* 2 1 / ( R T * %:2 1 
I F  ( R E E F F  ) h Z , 6 2 1 4 - /  
I F  (SEi'lSE S k I I T C H  2 1 4 8  1 5 0  
48 P R I h!T 
49 FORMAT(ZX8HARTERO = , E ~ ~ . ~ T ~ X ~ H A R I T E R  = , 15 .8 ,5X5HIM3 = , I 4 1  
50  I F ( A B S F ( A R T E R O - A R I T E ' ~ ) - F P S ~ ) ~ ~ T ~ ~ , ~ ~  
5 3 1 5 3  T 52 
49, AR T E  RO A 9  I T FR 1 I 1\13 
1 I F  ( 14 AX3- I hJ3 
5 2  ARTER(1=(49TERO+AKITER) /2 .  
GO T O  28 
53 P R I N  5 4 y C R I T E R  
5 4  F O R M A T ( 2 X 2 4 H I T E R A T I C N  L I W I T  EXCEEDED, 5X13HARTERO ( D I V  =, E 1 5  a 8  
55 S I G E F F = A T A N F ( R E E F F / S L )  
PE=PO*( (  l e + (  ( ( G A ~ M A - 1 . ) / 2 . ) = C N * C N ) ) * * ( - ~ ~ \ ~ ~ ~ A / ( ~ A M ~ A - l .  1 )  1 
T E=TR/ TRAT 
CE=SORTF ( G O * G A i 4 R A * R ~ ~ T E )  
VE=CE*CN 
CFP=Pf*ARITER*GO*AT/ (b IODOT*YE)  
F P = ( l . - . S * ( l . + C O S F ( S I G E F F ) ) ) / ( l . + C F P )  
FDEL=Z.*(RE-(  D E L T 4 / 2 . )  ) * O E L T A / (  ( ! ?E-DELSTR)* (RE-DELSTR 1 )  
FMAX=PC*AT*SORTF ( 2 . = 6 A ~ ~ l ~ l A * G A f ~ M A = (  (2./ ( GAM;dA+l.. 1 )**FGAM) / I  GAMMA-1.) 
CF=SORTF(  ( (2.*GARMA*GAMMA) / ( G A M N A - l .  1 I * (  ( %./ (GAfiIWA+l. 1 )**FGAM)*( 1.  
1) 
1- ( ( PE /PC *%< ( ( GAb!idA- 1.) /G 4 W A  1 ) 1 + ( ( PF-PA 1 *AR I T  ER /PC ) 
FTHEI IR=CFePC*AT 
FN= ( FMAX-FTHEOR 1 /FtAAX 
F L T D T = l . - ( [ l . - F P ) * ( L . - F ~ ~ L ) ~ ( l . - F N ) )  
FN ET = Ft.1 AX X; ( 1. -F L T O T  ) 
F P E R = F 1'4 E T / F t-1 AX 
I N 3 = 0  
P R I N T  56,FPER1ARTGEO, FFIET, FMAX 
5 6  FORMAT ( 2 X  ,F8 - 5  5X  F7.1, 5 x ~ F 8 .  5 1 5  X, FR. 5 
I F  (FPERMX-FPER ) h Z , 6 2 9  57 
57 I F  ( F P E R - F P E R M N ) 6 2 , 6 2  5 8  
58 I F ( I - L ) 6 1 , 5 9 ~ h l  
59  IF(J-2)61,60,61 
61  C A L L  P L O T ( ~ O , L R T G E O T F P E R  1
60 PAUSE 
62 ARTGEU=ARTGEO+( (ARTG~1X-ARTGMM) /FLON3)  
63 COMT I N U E  
C A L L  P L O T ( 9 9 )  
SIGCEG=SIGDEG+((SIGMAX-SIGMIN)/FLfl~4) 
END 
64 C O N T I N U E  
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XII. Output Data for Fig. 10 
NOZZLE HALF-ANGLE = l5.0 DEG 
FPER = FNET/FMAX 
(AE/AT)GEO = GEOMETRIC AREA R A T I O  
&O X CR = .0015 I N 2  
NOZZLE THROAT DIAMETER = .nioo IN 
GAS INLET TEMPERATURE = 25.0 DEG C 
FPER 
-82871 
-82976 
,83017 
-83018’ 
-82992 
-82949 
a82893 
-82828 
e82758 
e82682 
-82604 
-82523 
-82440 
-82356 
82272 
-82187 
-82102 
-82018 
a81433 
m81849 
a81765 
-81681 
-81598 
e81515 
-81433 
e81352 
-81271 
-81191 
-81112 
-81033 
-80955 
-80877 
e80801 
e80724 
-80649 
e80574 
.H0500 
e80426 
080353 
.E0280 
.8020R 
,80137 
.ROO66 
e79996 
a79926 
.79857 
.79788 
7972 0 
,79652 
.79585 
.79519 
ARTGEO 
25.0 
30.0 
35.0 
40 -0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
100.0 
105.0 
110.0 
115.0 
120.0 
125.0 
130.0 
135-0 
140.0 
145.0 
150.0 
155.0 
160.0 
165.0 
170 -0 
175.0 
18G e 0  
185.0 
190.0 
195.0 
200.0 
205.0 
210 .o 
2 15.0 
220.0 
225.0 
230.0 
235.0 
240.0 
245.0 
250.0 
255.0 
260.0 
265.0 
270 B O  
275.0 
FNET 
( L B )  
-00176 
-00176 
-00176 
-00176 
000176 
o00176 
oOOl76 
-00176 
-001 76 
oOO176 
oOO176 
-00175 
000175 
-00175 
000175 
-00175 
,00175 
-00174 
000174 
-00174 
oOO174 
-00174 
-00173 
-00173 
-00173 
-00173 
-00173 
-00173 
-00172 
..I0172 
-00172 
000172 
-00172 
-00172 
m00171 
.r)Ol71 
-0Oi71 
e00171 
m00171 
.0017? 
.03170 
00 170 
.00170 
00 170 
. o 0 ~ 7 n  
.on170 
00 170 
-00169 . 00 I 6 9  
00 169 
moo169 
FMAX 
(LRI 
-00213 
000213 
moo213 
moo213 
-GO213 
-00213 
000213 
000213 
-00213 
-00213 
-00213 
000213 
e00213 
000213 
-00213 
.00213 
000213 
.ne;*3 
-00213 
-00213 
-00213 
moo213 
-00213 
-00213 
-00213 
-00213 
moo213 
-00213 
-00213 
e00213 
e00213 
e00213 
a00213 
e00213 
000213 
-00213 
e00213 
.no213 
.no213 
,00213 
000213 
000213 
-00713 
. 0 0 2 I. 3 
e00213 
.00213. 
,00213 
bo0213 
.on213 
.nnz i3  
. ooa I 3 
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NOZZLE HALF-ANGLE = 20.0. DEG 
FPER = FNET/FMAX 
IAE/AT )GEO = GEOMETRIC AREA R A T I O  
A 0  X CR = .D8’15 IN2 
NOZZLE THROAT DIAMETER = e0100 I N  
GAS I N L E T  TEMPERATURE = 25.0 DEG C 
F PER 
083575 
083855 
84044 
e84173 
a84262 
,84322 
,84362 
.84385 
843 96 
-84397 
084391 
-84378 
,84360 
.8433G 
,84313 
84286 
.84255 
e84223 
e84189 
.84154 
e84118 
84081 
84042 
-84fi64 
.83964 - 33924 
83 884 
.83844 
83803 
-83762 
-83720 
83679 
-83638 
83596 
-83555 
-83513 
83472 
e83430 
,83389 
83348 
e83306 
-83265 
-83224 
83 183 
-83 143 
83 102 
-83061 
e83021 
~ 8 2 9 8 1  
-82941 
~ 8 2 9 0 1  
ARTGEO 
25 -0 
30.0 
35 a 0  
40.0 
45 -0 
50.0 
55 e 0  
60.0 
65 a 0  
70 e 0  
75 e 0  
80.0 
85 a 0  
90.0 
95 .O. 
100.0 
105.0 
130.0 
115.0 
120.0 
125 .O 
130.0 
i33 .O 
i40 .O 
145 e 0  
150.0 
155 e 0  
160.0 
165 .O 
1’70.0 
175.0 
180.0 
165 e 0  
190.0 
195.0 
200 .o 
205 -0 
210.0 
215.0 
220.0 
225 a 0  
230.0 
235 e 0  
240.0 
245 -0 
255 -0 
260.0 
265 -0 
270.0 
275.0 
250;O 
FNET 
( L 6  1 
-00178 
,00178 
000179 
a00179 
-00 179 
e00179 
00 179 
e00179 
e00179 
-00179 
,00179 
000179 
,00179 
,00179 
,00179 
-00179 
-00179 
000179 
.00179 
-00179 
,04179 
-00179 
e00179 
-00179 
.00178 
e00178 
moo178 
-00178 
e00178 
.00178 
a00178 
.00178 
-00178 
-00178 
a00178 
m00178 . v\, 177 
.00177 
e00177 
,00177 
e00177 
-00177 
-00177 
,00177 
-00177 
e00177 
-00177 
.on176 . no 176 
000176 
00 176 
FMA X 
( L R )  
e00213 
e00213 
-00213 
600213 
.00213 
00 21 3 
e00213 
e00213 
-00213 
a00213 
.00213 
-00213 
002 13  
-00213 
002 13  
-00213 
.00213 
oOG213 
-00213 
e00213 
002 13  
,00213 
e00213 
-00213 
-00213 
-00213 -. 002 13 
e00213 
e00213 
m00213 
-00213 
-00213 
e00213 
e00213 
-00213 
.00213 
-00213 
-00213 
.00213 
.00213 
e00213 
e00213 
.(I0213 
.on213 
e00213 
,00213 
.002 I. 3 
-00213 
.00213 
e00213 
a00213 
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NOZLLE HALF-ANGLE = 25.0 DEG 
FPER = FNET/FMAX 
(AE/AT)GED = GEOMETRIC AREA R A T I O  
A 0  X CR = -0015 IN2 
NOZZLE THROAT DIAMETER = e 0 1 0 0  I N  
GAS I N L E T  TE-MPERATURE = 25.0 DEG C 
FPER 
e83324 
-83751 
.a4061 
-84298 
ma4480 
84623 
84738 
84830 
-84905 
-84966 
-85015 
.a5055 
85087 
e85112 
.85132 
-85147 
-85158 
e85165 
85 169 
85 170 
85 169 
e85165 
85 160 
-85153 
e85144 
-85135 
e85124 
-85112 
-85099 
-85085 
-85070 
-85054 
-85038 
8502 1 
e85004 
-84987 
84968 
-84950 
-84931 
e84911 
84892 
e84872 
84852‘ 
$483 1 
-84811 
84790 
e 84834 
$48 12 
$4791 
084769 
84747 
ARTGEC! 
25.0 
30 -0 
35.0 
40 a 0  
45.0 
50.0 
55.0 
60 -0 
65.0 
70 -0 
75.0 
80 -0 
85.0 
90 e 0  
95.0 
100 .o 
105.0 
110.0 
115.0 
120.0 
125.0 
130.0 
135.0 
140 a 0  
145.0 
150.0 
155.0 
160 .O 
165.0 
170.0 
175.0 
180.0 
185.0 
190.0 
195.0 
200.0 
205.0 
210.0 
215.0 
220.0 
225.0 
230 e 0  
235.0 
240.0 
245.0 
250 e 0  
255.0 
260.0 
265.0 
270 -0 
275.0 
FNET 
( L B )  
-00177 
woo178 
moo179 
,00179 
.00180 
-00180 
.00180 
e00180 
oOO180 
.00181 
-00181 
.00181 
.00181 
.00181 
.00181 
.00181 
eCO181 
-00181 
.00181 
.00181 
-00181 
.00181 
.00181 
-00181 
.00181 
.00181 
oOO181 
,00181 
.00181 
e00181 
.00181 
.00181 
.00181 
e00181 
.00181 
e00181 
000181 
e00181 
e00181 
e00180 
-00180 
e00180 
moo180 
moo180 
000180 
00 180 
.00180 
00 180 
,00180 
4 00 180 
-00180 . 
FMAX 
( L B )  
e00213 
-00213 
-00213 
-00213 
.00213 
e00213 
e00213 
moo213 
-00213 
‘-002 13 
.00213 
.00213 
-00213 
-00213 
moo213 
woo213 
.bo213 
,00213 
-00213 
a00213 
woo213 
.00213 
-00213 
e00213 
-00213 
e00213 
.00213 
.00213 
e00213 
e00213 
e00213 
-00213 
“00213 
e00213 
a00213 
e00213 
,00213 
e00213 
-00213 
e00213 
e00213 
e00213 
e00213 
moo213 
e00213 
e00213 
-00213 
,00213 
,00213 
00.2 13 
,00213 
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NOZZLE HALF-ANGLE = 30.0 DEG 
FPER = FNET/FMAX 
(AE/AT )CEO = GEOMETRIC AREA R A T I O  
A 0  X CR = -0015 11\12 
NOZZLE THROAT D I b h E T E R  = e0100 I N  
GAS I N L E T  TEMPERA-URE = 25.0 DEG C 
FPER 
-82383 
-82941 
.e3362 
83690 
.e3955 
e84172 
.843 53 
et34506 . a463 7 
. w e 4 7  
84750 
.e4933 
85007 
.e5073 
a85131 
e85183 
e 8522 9 
-85269 
e85305 
.85338 
~ 8 5 3 6 6  
e85391 
e85414 
.a5434 
.e5452 
e85467 
€3548 1 
85492 
a85502 
-85511 
e85518 
.85524 
8552 9 
e85533 
85536 
e85538 
.a5539 
.05539 
.85519 
.85537 
e85574 
085571 
,85567 
-85563 
.85559 
-85554 
.P5543 
.a5577 
,85548 
AKTGEO 
25 - 0  
30.0 
35 .o 
40 e 0  
45 -0 
50 e 0  
55 .o 
60.0 
65 -0 
70 e 0  
75 -0 
80.0 
85 e 0  
90.0 
95 e 0  
100.0 
105 e 0  
110.0 
115 a 0  
120.0 
125 -0 
130.0 
135.0 
140.0 
145.0 
150.0 
155 a 0  
160.0 
165 e 0  
170.0 
175 -0 
180.0 
185 e 0  
190.0 
195 e 0  
200.0 
205 tO 
210.0 
215 -0 
220.0 
225 .Ci 
230.0 
235 e 0  
240.0 
245 -0 
250.0 
255 e 0  
260.0 
265 e 0  
.O 
0 
FNET 
( L e )  
-00175 
e00176 
-00177 
.0017P 
e00178 
a00179 
e00179 
.oo 180 
.oo 180 
.oo 180 
e00181 
.00181 
a00181 
.00181 
-00181 
-00181 
.00181 
.00181 
00 182 
.00182 
.00182 
.00182 
a00182 
00 182 
00 182 
.oo 1. 82 . 00 I. 52 
.COL: '2  
.0012: 
.001% 
.0011 
e00182 
.0018? 
oJO18? 
e00182 
.0018' 
.C@'  '2 
. O f ! L Q ?  
* d ! l : k * L  
.03 1 6% 
.OF . '? 
.001n2 
.00152 
000182 
e00182 
-00182 
.no180 
.on181 
. on 1 8 I. 
.001a2 
.on182 
FMA X 
(18) 
e00213 
e00213 
eOC213 
.00213 
.00213 
.no213 
a00213 
.on213 
.on213 
.no213 
.00213 
.00213 
e00213 
.0@213 
e00213 
e00213 
-00213 
e00213 
.00213 
-00213 
-00213 
-00213 
.00213 
.00213 
.on213 
e00213 
e00213 
e00213 
e00213 
-00213 
e00213 
e00213 
e00213 
000213 
-00213 
e00213 
e00213 
-00 2 1.3 
900213 
so0213 
e00213 
000213 
-00213 
e00213 
-00213 
.00213 
sOO2l.3 
e00213 
'000213 
-00213 
002 2 3- 
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NOZZLE HALF-ANGLE = 35.0 DEG 
FPER, = FNET/FMAX 
(AE/AT)GEO = GEOMETRIC AREA R A T I O  
NOZZLE THROAT DIAMETER = .0100 I N  
A@ X CR = e0015 I N 2  
GAS I N L E T  
FPER 
-80886 
.e1557 
-82073 
e82485 
a82823 
e83105 
-83346 
.e3553 
.e3734 
.e3894 
84035 
e84161 
-84275 
.84377 
84470 
84555 
84632 
84703 
~84768 
e 8482 8 
.e4884 
.e4935 
.e4983 
a85027 
85068 
e85106 
e85142 
-85175 
-85206 
-85235 
e85263 
-85288 
085312 
85334 
.e5355 
.e5374 
-85435 
e85432 
85448 
$5463 
.e5477 
,85490 
e85503 
-85515 
-85526 
85536 
085546 
.e5555 
o 85563 
a85571 
085579 
TEMPERATURE 25.0 DEG C 
ARTGEO 
25.0 
30 e 0  
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
9 0 ~ 0  
35.0 
100 00 
105.0 
110.0 
115.0 
120.0. 
125.0 
130.0 
135.0 
140.0 
145.0 
150.0 
155.0 
160 -0 
165.0 
170.0 
175.0 
180 .o 
185.0 
190.0 
195 80 
200 -0 
205.0 
210.0 
215.0 
220 .o 
225.0 
230.0 
235.0 
240 e 0  
24580 
25000 
75500 
260-eO 
265.0 
L f O . 0  
27500 
FNET 
( L 8 )  
e00172 
000173 
e00174 
e00175 
a00176 
00 177 
e00177 
-00178 
.00178 
000178 
.00179 
.OO 179 
.oo I. 79 
a00179 
.001RO 
.00180 
000160 
.00180 
.oo 180 
.00180 
e00180 
.00181 
.00181 
e00181 
.00181 
e00181 
.00181 
.00181 
.00181 
.fi0181 
.00161 
.00181 
no0181 
000181 
e00181 
b00182 
.oo 182 
000182 
0 00 182 
e 00 182 
00 182 
b00182 
.00182 
000182 
000182 
000182 
e00182 
.00182 
0 00 182 ’ 
000182 
.oo 181, 
FMAX 
( L B )  
e00213 
-00213 
qOO213 
e00213 
-00213 
e00213 
-00213 
.(I0213 
-00213 
a00213 
e00213 
.00213 
-00213 
000213 
.00213 
.00213 
-00213 
.00213 
e00213 
e00213 
000213 
e00213 
.00213 
-00213 
-0Ci213 
moo213 
000213 
-00213 
000213 
-00213 
e00213 
e00213 
e00213 
000213 
000213 
-00213 
e00213 
a00213 
e00213 
-00213 
.00211 
a00213 
000213 
,00213 
a00213 
e00213 
000213 
. oa2&3 
.no213 
.00213 
,00213 
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NOZZLE HALF-ANGLE = 40.0 DEG 
FPER = f-NET/FMAX 
(AE/AT)GEO = GEOMETRIC AREA R A T I O  
A0  X CR = ,0015 I N 2  
NOZZLE THROAT DIAMETER = .01CIO I N  
GAS I N L E T  TEMPERATURE = 25.0 DEG C 
FPER 
e78922 
a79683 
180277 
-80757 
,81156 
.8 1.494 
,81786 
.8.?540 
81265 
-82465 
e82645 
e82808 
e82956 
e83091 
-83215 
e83329 
.a3435 
,83533 
~ 8 3 6 2 5  
a83710 
.03790 
$3865 
.83935 
e84002 
84064 
.a4123 
-84179 
084232 
-84282 
84330 
843 75 
e84418 
,84460 
84504 
e84542 
86578 
e84613 
,84645 
846 77 
,84707 
-84736 
7 84764 
,84791 
+ 348 17 
a4842 
+ 84865 
.54888 
.84010 
e 8 4 9 3 2  
84952 
e84972 
ARTGEO 
25.0 
30 .O 
7-7 " 3  
~ :.o .o 
/:'I 45 .O 
50.0 
55 e 0  
60.0 
65 a 0  
70.0 
75 .0 
80.0 
85 e 0  
90.0 
4 j . O  
100.0 
105 SO 
110.0 
115.0 
120.0 
125.0 
130.0 
135.0 
140.0 
145 e 0  
150.0 
155 S O  
1hO.O 
165 e 0  
170.0 
175 e0 
180.0 
185 e 0  
190.0 
195 e 0  
200.0 
205 e 0  
210.0 
215.0 
L 7 0 . 0  
230.0 
235 e 0  
240.0 
245.0 
250.0 
255 e0 
260.0 
265 e 0  
270.0 
275.0 
225.0 
FNET 
( L E )  
e00168 
e00169 
.00171 
e00172 
a00172 
e00173 
e00174 
e00174 
e00175 
e00175 
a00176 
-001 76 
e00176 
e00177 
.oo 177 
a00177 
-00177 
.0017R 
.00178 
a00178 
.00178 
.00178 
e00178 
,00179 
00 I. 79 
001 79 
00 179 
e00179 
00 179 
e00179 
.oo 179 
-00179 
.00180 
.001.80 
e 00 I. 80 . 00 180 . 00 180 . 00 180 
.OO 180 
.00180 . 00 I. 80  
.00180 . 00 190 
.00180 . 00 180 
.00180 
.oo 180 
.00180 
.0018l 
,00181 
COO181 
FMA X 
( L E )  
.00213 
.00213 
e00213 
a00213 
.002 13 
-00213 
.00213 
.00213 
e00213 
-00213 
-00213 
a00213 
,002 13  
.00213 
.00213 
-00213 
e 002 13  
.00213 
.00213 
e00213 
e00213 
.00213 
002 13  
e00213 
e00213 
e00213 
.no213 
.0r,zi3 
e00213 
.C 3213 
e00213 
.00713 
.002 13  . 00 2 1 3 
002 13 
.002!3 
-00213 
,00213 
e00213 
.00213 
e00213 
e00213 
.on213 
,00213 
.00213 
00 2 1 3 
e00213 
a30213 
e00213 
,00213 
,00213 
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Computer 
Symbol equivalent 
A, A 1  
A, A2 
A, AE 
A, A 0  
(%)(CDV) AOCR 
Nomenclature 
Variable 
Am AOX 
hRITER 
(AJAt)aem AFTER0 
(&/At),,, ARTGFO 
At AT 
B B 
Cav CDV, CR 
CE CE 
CFP 
CF CF 
CPC 
cv cv 
DB DB 
DE DE 
~ F ( M B )  DFCN 
dF(P,) DFPC 
DLT 
DLX 
DLY 
D, DS 
Dt DT 
DX 
DY 
E E 
F 
f ( L f l ~ )  FCN 
FGAM 
FLONS 
valve dimension, in. (see Fig. A-1) 
valve dimensior., in. (see Fig. A-1) 
nozzle geometric exit area, i n 2  
effective valve orifice area, in2 
prodltct of A, and valve orifice discharge coeffi- 
cient, in., 
valve seat area, ins2 
iterated aerodynamic nozzle area ratio 
aerodynamic nozzle area ratio 
geometric nozzle ~ 9 8  ratio 
nozzle geometric throat area, ic.2 
valve dimension, in. (see Fig. A-1) 
valve orifice discharge coefficient 
nozzle exit speed of sound, in./s, = ( Y ~ , , R T ~ ) ~  
partial %ow expansion equatioii constant 
see Eq. (42) 
chamLer pressure equation constant 
specific heat of constant volume, ft2/sz-"R 
valve or8ce ball diameter, in. 
nozzle exit diameter, in. 
derivative of Mach # Eq. (23) 
derivative of chamber pressure Eq. (20) 
number of units in graph titlc 
number of units in X-axis title 
number of units in Y-axis title 
valve orifice seat diameter, in. 
nozzle throat diameter, in. 
number of units in X-axis labels 
number of units in Y-axis labels 
valve dimension, in. (see Fig. A-l) 
thrust Eq. (34) 
Mach number Eq. (21) 
function of y - (y + l)/(y - 1) 
floating point equivalent of Nz 
J P l  TECHNICAL REPORT 32- 1353 87 
Nomenclature (contd 1 
Computer 
equivalent 
FPC 
FMAX 
FNF 
FPER 
FREF 
FTHEOR 
GO 
H 
IC 
IL 
IN1 
INS 
IN3 
SL 
FDEL 
FN 
FP 
FLTOT 
FLTO'IT 
MAX1 
MAX2 
MAX3 
CN 
CNINIT 
CNN 
N1 
N2 
N3 
PA 
w 
PCINIT 
PCN 
PE 
PO 
Q 
R 
Variable 
chamber pressure Eq. (17) 
see Eq. (43) 
net thrust, lb [see Eq. (45)] 
percent thrust of FMAX or FREF 
net thrust at reference conditions 
see Eq. (41) 
acceleration of gravity, in./s2 
valve dimension, in. (see Fig. A-1) 
plot grid format 
plot label format 
chamber pressure iteration counter 
Mach number iteration counter 
boundary layer iteration counter 
nozzle length, in. 
boundary layer thrust loss ratio 
non-parallel exit flow thrust loss ratio 
partial flow expansion thrust loss ratio 
total thrust loss ratio (see Eq. 44) 
total thrust loss ratm (percent) 
chamber pressure iteration hiit 
Mach number iteration h i t  
boundary layer iteration limit 
n o d e  exit plane Mach number 
initial n o d e  exit Mach number iteration value 
nth iteration of exit Mach number 
number of plot curves per graph 
number of data points per curve 
number of curve increments 
ambient pressure, lb/in.' 
valve chamber pressure, 1 b h 2  
initial chamber pressure iteration valve, I b h 2  
nth iteration of chamber pxssure 
nozzle exit pressure, 
valve inlet pressure, 1 b h 2  
valve dimension (see Fig. A-1) 
nitrogen gas constant 55.16 ft-lbr/lbm-OR 
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Nomenclature (contd) 
Computer 
equivalent 
RB 
RE 
3CEFF 
RENO 
RENOU 
RS 
RT 
TO 
TB 
TE 
TR 
TRA I' 
VE 
VEF 
WRAT 
XINC 
XL 
XLEN 
XMIN 
XMAX 
XPOSX 
XPOSY 
XSF 
YINC 
YL 
YLEN 
YMlN 
YMAX 
YPOSX 
YPOSY 
YSF 
GAMMA 
DELP 
DELTA 
Variable 
valve ori€ice ball radius, in. 
nozzle exit plane radius, in. 
aerodnyamic nozzle exit radius, in. 
Reynolds number 
Reynolds number/uidt nozzle length/unit 
chamber pressure ft/lb 
valve orifice seat radius, in. 
nozzle throat radius, in. 
inlet stagnation gas temperature, "C 
valve ball travel, in. 
nozzle exit temperature, "R 
inlet stagnation gas temperature, OR 
TRTE 
velocity, in./s (see Eqs. 4 and 7) 
nozzle exit velocity, in./s 
nozzle exit velocity, ft/s 
flow rate/flow rate at 25°C 
X-axis graph increment, in. 
initial X-axis label value 
X-axis physical length, in. 
X-axis minimum value 
X-axis maximum value 
X-axis coordinate of initial X-axis label 
X-axis coordinate of initial Y-axis label 
X-axis scale factor 
Y-axis graph increment, in. 
initial Y-axis label value 
Y-axis physical length, in. 
Y-axis minimum value 
Y-axis maximum value 
Y-axis coordinate of initial X-axis label 
Y-axis coordinate of initial Y-axis label 
Y-axis scale factor 
ratio of specific heats 
(inlet pressure-chamber pressure), psi 
boundary layer momentum thickness, in. 
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Nomenclature (contdl 
Symbol 
6* 
a 
aero 
C 
e 
geo 
eff 
init 
iter 
max 
N 
0 
Per 
r 
rat 
ref 
theor 
t 
Computer 
equivalent Variable 
DELSTR 
[DELTASTAR] boundary layer displacement thickness, in. 
EPSl 
EPS2 
chamber pressure iteration accuracy value 
Mach number iteration accuracy value 
EPSS 
uo 
PI 
SIGDEG 
SIGEFF 
SIGMA 
PHI2 
WTDOT 
WODOT 
boundary layer iteration accuracy value 
absolute viscosity, lb-s/ftz 
ratio of circumference to diameter of circle 
nozzle half-angle, deg 
aerodynamic nozzle half-angle, radians 
geometric nozzle half-angle, radians 
valve dimensions (see Fig. A-1) 
nozzle weieht flow rate, Ib/s 
valve orifice weight flow rate, lb/s 
Subscripts 
ambient 
aerodynamic 
valve chamber 
nozzle exit plane 
geometric 
effective 
initial 
iteration 
maximum 
iteration number 
inlet 
percent 
Rankine 
ratio 
reference 
nozzle throat 
theoretical 
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